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ABSTRACT

DESIGN AND REALIZATION OF A NEW CONCENTRATING PHOTOVOLTAIC SOLAR
ENERGY MODULE BASED ON LOSSLESS HORIZONTALLY STAGGERED LIGHT
GUIDE

SELIMOGLU, Ozgtir
Doctor of Philosophy, Department of Physics
Supervisor: Prof. Dr. Rasit TURAN
January 2013, 101 pages

Concentrating Photovoltaic systems are good candidates for low cost and clean
electricity generation from solar energy. CPV means replacing much of the
expensive semiconductor photovoltaic cells with the cheaper optics. Although the
idea is simple, CPV systems have several problems inherent to their system design,
such as module thickness, expensive PV cells and overheating. Light guide systems
are good alternatives to classical CPV systems that can clear off most of the
problems of those systems. In this thesis we explore a new light-guide based solar
concentrator by optical design and simulations. It is shown that this solar
concentrator can reach 1000x geometric concentration, 96.5% optical efficiency
with a *1 degree acceptance angle. As a result of simulations, effectiveness of the
horizontally staggered light guide solar concentrators is proved. A practical module
study is carried on to improve the knowledge related to light guide CPV systems.
The concentrator geometry is fabricated as a medium concentrator system with a
geometric concentration of 45x and +-2 degrees acceptance angle. With the
prototype level injection molding 74% optical efficiency is achieved and can be
improved with a better mold manufacturing. A cost analyses is also performed with
real manufacturing parameters and it is shown that grid parity can be achieved
with this kind of light guide solar concentrators.

Keywords: solar energy, concentrating photovoltaic, CPV, optical concentrators,
light-guides
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KAYIPSIZ YATAY ADIMLI ISIK TASIYICI TEMELLI YENI BIR YOGUNLASTIRICILI
FOTOVOLTAIK GUNES ENERJISI MODULUNUN TASARIMI VE GERCEKLESTIRIMI

SELIMOGLU, Ozgtir
Doktora, Fizik Bolimu
Tez yoneticisi: Prof. Dr. Rasit TURAN
Ocak 2013, 101 sayfa

Yogunlastirmali Fotovoltaik (CPV) sistemler glines enerjisini kullanarak dustk
maliyetle ve temiz olarak elektrik Uretimi icin 6nemli bir adaydir. CPV en basit
anlatimiyla gorece az maliyetli optikler ile cok pahali yari iletken fotovoltaik
hticrelerin buytk 6lctide yer degistirmesi anlamina gelmektedir. Fikir basit
olmasina ragmen CPV sistemleri modtllerin kesitlerinin kalin olmasi, PV hticrelerin
pahali olmas1 ve asirt 1sinma gibi sistem tasarimlarinin dogasindan kaynaklanan
bazi sorunlara sahiptir. Isik kilavuzlu sistemler bu sorunlarinin ¢cogunu ortadan
kaldirarak klasik CPV yapilarina 6énemli bir alternatif haline gelmislerdir. Bu tez
calismasinda optik tasarimlar ve simulasyonlar ile 1sik kilavuzu tabanli yeni bir
optik yogunlastirict sistemi gelistirilmistir. Bu glines yogunlastiricisi ile £ 1 derece
kabul acisina, 1000x geometrik yogunlastirmaya, %96,5 optik verimlilik degerlerine
ulasilabilecegi gosterilmistir. Simtilasyonlar ile yatay adimli 1sik kilavuzlu glines
yogunlastiricilarinin etkinligi kanitlanmistir. Uygulamali calismalar ile CPV modula
uretilerek 1s1ik kilavuzlu CPV sistemlerine iliskin bilgi birikimi gelistirilmeye
calisilmistir. Yogunlastirict sistemi 45x geometrik yogunlastirma degeriyle orta
yogunlastirma seviyesinde ve +-2 derece kabul acisina sahip olarak tUretilmistir.
Prototip seviyesinde plastik enjeksiyon yontemi ile %74 optik verimlilige ulasilmis
ve daha iyi bir enjeksiyon kalibi imalati ile bu sonu¢ daha da iyilestirilebilecektir.
Gercek uretim parametreleri kullanilarak maliyet analizleri de gerceklestirilmis ve
151k kilavuzlu glines yogunlastirici sistemleriyle sebeke elektrigi maliyetine denk
maliyetle elektrik tretilebilecegi gésterilmistir.

Anahtar Kelimeler: gunes enerjisi, yogunlastirmali fotovoltaik, CPV, optik
yogunlastiricilar, 1s1k kilavuzlar:
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CHAPTER 1

INTRODUCTION

Sun shining over the earth is an important renewable and clean energy source. It is
continuously sending lots of energy to the world which is excessively enough for the
needs of everyone. Although energy is continuous, clean and free, collecting and
converting that energy is necessary to be accessible for the needs of human being.

Today’s energy consumption is mainly from the limited fossil fuel resources.
However generating energy from the fossil fuels produce emission that is harmful
for human health and environment. Global warming which is a result of
accumulation of carbon dioxide in the atmosphere is an irreversible effect of this
fossil fuel emission. Obtaining energy from renewable energy sources can
contribute to the solution of future energy shortage while it does not cause
environmental pollution and global warming. Moreover exploiting the solar energy
is becoming more and more a necessity to balance the increasing energy demand.

Photovoltaic (PV) systems can collect and convert the solar energy to a very useful
type of energy, i.e., electricity. Although photovoltaic modules can convert this free
energy effectively, its use has been limited due to high cost of these systems. The
high cost has been the main obstacle for the large scale applications of PV systems
for electricity generation from the solar radiation until very recently. Large PV
installations like solar power plants above MW levels have been relied on the
incentives provided by the industrialized governments. However, with recent price
falls in the PV products, the PV industry is becoming less and less depending on
excessive incentives. This is a very promising development for the future of the PV
industry.

Energy harvesting from the sun is basically done with solar modules (or panels)
which operates with the principles of photovoltaic effect occurred when light
interacts with semiconductor materials. In the semiconductors, artificially
generated p-n junction can split the generated electron hole pair and force the
current flow through an external circuitry.

PV panels are being constructed by covering all the panel area with the photovoltaic
devices made of semiconductor materials having photovoltaic properties. These
semiconductor materials are generally expensive and their cost prevents
widespread use of them for the electricity generation. In spite of high material cost,
they have found lots of applications and their use has increased dramatically in
recent years. The total installed PV system has reached 70 GW with an enormous
increase in the annual rate.

To increase the utilization of photovoltaic energy converters further, cost barrier
has to be reduced even further. One of the ways to pass over the cost barrier is to



decrease semiconductor area, which is the main part of the cost, with the help of
optical concentrators. These concentrators gather light from a large area and
deliver it onto smaller semiconductor area in a concentrated way. By this method it
is possible to produce more energy from a unit solar cell.

Concentrating photovoltaic (CPV) systems that are using optical concentrators have
potential to perform the electricity generation economically and reliably.[1] CPV can
be described as combining high efficiency cells and low cost and abundant
materials in a cost effective manner.

Recent studies in the solar cell research result in development of very efficient but
expensive solar cells. Silicon solar cells can have an efficiency value up to 25%,
whereas newly developed multilayer solar cells can work with efficiencies
approaching 45% under concentrated light. Design of new type solar concentrators
that have high tracking tolerance and high concentration ratio is becoming
important [2] because of these new high efficiency solar cell achievements.

CPV technology is a multi-disciplinary field. This technology needs research and
collaboration in fields such as semiconductor science and technology, optical
engineering, electrical engineering, thermal engineering and mechanical
engineering. A good working CPV solar panel should consider the every aspect of a
product to function well for long years. Several different types of CPV panels have
been developed to reduce the area of the semiconductor used for conversion of solar
energy. Some of the panels have been designed to have very high concentration on
the order of 1000x while some of them only have a few times concentration. All of
the systems are targeted to reach grid parity but several persisting technical
problems prevent their widespread use.

Most of the CPV panels have very bulky structure and needs too much construction
material. Moreover high concentration systems have very narrow acceptance angle
and needs very accurate sun trackers. The main architecture of the panels and
their tracking requirements are determined by the optics. Right optical designs
considering several aspects of a CPV panel can solve most of the problems in these
systems.

In this thesis study, main focus is on the concentrator optics for concentrating
photovoltaic applications. Discovery of more efficient, compact and cheaper
concentrator optics can solve the significant problems of the CPV systems and can
increase the solar energy utilization in the world. With this motivation, existing
concentrator optics and their design principles have been investigated. A new light
concentrating method based on horizontally staggered light guides is explored with
which we think solar energy systems will become more widespread. We have
developed a new system approach for which a patent application
(PCT/TR2011/000156) is filed. Main important design parameters are explained in
this patent document.

The limits of the horizontally staggered light guides as an optical concentrator part
are investigated by optical simulations. Extra concentration features are applied in
the simulations and it is shown that high concentration systems are possible with
good acceptance angles. Moreover in this study thermal simulations are performed
to show the performance of the linear concentration systems. It is shown that linear
concentration systems are much more superior to the point focus concentrators
with respect to the thermal behavior. A planar aluminum plate touching to the
back of the solar cell is enough for heat dissipation in these line focus systems.



The light guide solar concentrator is realized by manufacturing the optical
concentrator with medium concentration ratio, using low cost and easy production
techniques. Silicon solar cells are positioned at the exit port of the light guide to
convert the sun light into electricity. We have shown that the total semiconductor
material usage can be reduced to 4% of what is used in an equivalent conventional
system. Assembly and testing of the prototype is explained in detail for the future
development efforts. Finally, a cost analyses based on the recent manufacturing
processes and materials are given to show the feasibility of the method. We believe
that this concentrator can decrease the semiconductor area significantly and
increase the utilization of photovoltaic solar energy systems in daily life by
decreasing the price of solar electricity.

This thesis has been organized as 7 chapters. Chapter 1 is the introduction to the
whole study. Chapter 2 summarizes the basic concepts of photovoltaic and
concentrating photovoltaic systems. In Chapter 3, optical aspects of the
concentrating photovoltaics are given. Chapter 4 presents the design and
simulation studies carried out in this work. A thermal analysis of the system is also
presented in this chapter. In Chapter 5 the results of system realization are
summarized and discussed. Suggestions for the future studies are given here.
Chapter 6 deals with a cost analysis. In Chapter 7, conclusions and
recommendations for future are given.






CHAPTER 2

OVERVIEW OF CONCENTRATING PHOTOVOLTAIC
SYSTEMS

2.1. Introduction

Concentrating PV has a great potential for generating cost effective solutions to the
solar energy conversion problems. It is a combination of high efficiency solar cells
and low cost and abundant materials.

There are many different types of solar concentrators which all aim to reach highest
efficiency at lowest cost. The simple idea of the Concentrating Photovoltaics (CPV) is
shown in Figure 1.

___—— Sun Light

' ——— Collecting Optics

High Efficiency
/ Solar Cell

. .
Heat Sink

Figure 1: Schematic representation of the CPV method

CPV systems have two important characteristics. First, these systems have high
system efficiency and second with CPV systems great potential for cost reduction is
possible especially for big solar farms.

By concentrating the light using proper optics, only a small amount of
semiconductor material is needed. Depending on the ratio of concentration, 100-
1000 times less semiconductor material is required for high concentration CPV
systems. Because less solar cell material is needed, high efficiency but expensive



solar cells can be used with CPV systems. Although prices of the high efficiency
solar cells are still too high, high concentration ratios enables us to use small
amount of this cells, and thus cost effective module production is possible.

Using multi junction cells and concentrated light, very high efficiency values are
attainable. Multi junction cells under concentration have reached an efficiency
value of 44% in recent years. This record breaking cell performance also gives high
module efficiencies. DC efficiencies of exceeding 30% have been demonstrated in
recent years. This high module efficiency values are not possible with flat silicon PV
panels.

In CPV systems, the optical and mechanical parts are made of low cost materials.
This means that expensive semiconductor materials are replaced with cheaper
materials such as glass, plastics and metals. Most of these materials are recyclable.
Therefore at the end of the lifetime, most of the wastes can be used again and some
of the investment can return back with the recyclable materials.

CPV systems are using optics to concentrate the light. This concentrator optics can
only function if directional light exists. Most of the high concentration CPV systems
has very small acceptance angle and therefore needs highly collimated light. This
collimated light can be achieved if the sun light directly strikes perpendicularly to
these panels. This restricts the use of these systems to high Direct Normal
Irradiance (DNI) regions and requires trackers to satisfy near 90 degree angle
requirement.

Concentrated solar panels should track the sun during the daytime. Tracking
accuracy is important for these systems because accurate tracking systems can
dramatically increase the cost. For this reason an optical concentrator which has
large tracking tolerance with high efficiency and low cost is desired.

The solar concentrator systems can be distinguished from each other with respect
to several features such as concentration ratio, type of optics and tracking
requirements. In general these systems are classified by their concentration ratios
which also determine the type of optics and tracking tolerances.

2.2. Types of Concentrating Photovoltaic Systems

High concentration (C> 100x)

High concentration systems are developed for use with high efficiency tandem solar
cells. These cells have very high conversion efficiency and their efficiencies
increases towards 50% under concentrated light.

Tandem solar cells are produced with expensive materials and processes and
therefore at least two orders of magnitude more expensive than the crystalline
silicon solar cells. Because of this high price, to realize a cost effective solar system,
it is required to reach high concentration values of at least 250x.

Medium concentration (10x < C < 100x)

Medium concentration systems are using high quality single junction silicon or
GaAs solar cells. Generally cost of the solar cell is not a significant parameter in
these systems. These systems need single axis or dual axis tracking to function.



The main problem of these systems is heating. Because of concentration ratio, heat
is accumulated fast and temperature of the solar cell increases rapidly. Silicon
solar cells used in these systems are so sensitive to heating and their efficiency
decreases fast with the temperature.

To overcome the heating problem, active cooling methods or larger heat dissipating
fins are used. This kind of efforts increases the overall system cost and decreases
the reliability of the systems.

Low concentration (C < 10x)

Low concentration systems generally have more flexibility on tracking
requirements. They can work without trackers in a great portion of the day time.
Although some examples use trackers, the main motivation behind tracking is to
reduce the cosine effect and therefore increase the area looking to the sun. Their
concentration ratio is low so that solar cell cost is still be an important factor in
these systems. Extra cost parameters such as dicing and diffuser surfaces increase
the cost of the systems.

Some of the low concentration systems do not use lenses or mirrors. Instead, they
are using diffuse reflectors and Total Internal Reflection (TIR) to transport the light
on to the photovoltaic cell. Photovoltaic surfaces and diffuse surfaces are placed
side by side and some portion of the solar cell region is replaced with the diffuse
coatings, so that cost of the solar panel is reduced.

Commercial examples

CPV research in recent years has led to a rapid commercialization. As a result,
many studies sourced from research centers and universities have become a
commercial product. In order to understand the present efforts and approaches and
draw future research paths, it is beneficial to investigate the CPV systems available
on the market. The current situation of the industry is periodically reported by
NREL [3]. Avoiding unnecessary repetition and referring the NREL reports for a full
coverage, we explain and discuss some representative and successful examples
here.

As an illustration to the Fresnel lens based systems, Amonix high concentration
system is a good example. It is using PMMA acrylic Fresnel lenses as the primary
optics and reflective secondary optics for homogenization and increase the tracking
tolerance. Very high efficiency receiver cells are accommodated at the focus of the
optics. Amonix is building all factory assembled very large modules to maintain the
alignment of the modules as shown in Figure 2. Amonix announced 34% module
conversion efficiency in 2012.



Figure 2: Amonix Mega module

Solfocus Company is also building high concentration systems with different optical
design. Their optical design based on reflective optics which can eliminate the
chromatic aberration and reach higher concentration levels. Furthermore this kind
of optics makes it possible to build more compact modules. Optical efficiency of this
optical type is reduced by the reflection from the surfaces, cover glass Fresnel
losses and obstruction because of secondary mirror. For this system lower than
75% optical efficiency is reported.[4]

Figure 3: Solfocus Company’s Mirror based CPV system demonstrated in CPV-8
meeting. (Photo by author)



There are also systems trying to use less structural material like inflated balloons
such as the system of Cool Earth Solar Company as shown in Figure 4. A parabolic
mirror and a transparent front combined to get a balloon type CPV system.
Although the commercial success and long term durability are questionable for this
system it represents a good example of novel efforts for CPV applications.

Water-cooled
PV receiver

Figure 4: Cool Earth Solar's inflated baloon CPV

Although most of the CPV systems are designed for utility scale applications, there
are also small sized systems for home users as shown in Figure 5.

Figure 5: Green & Gold Energy's CPV SunCube module.


http://www.coolearthsolar.com/

2.3. Optical architectures in CPV systems

There are many examples of optics used in the CPV systems. Generally most of the
systems can be grouped into smaller sub-groups. The dominant form of the CPV
systems are the Fresnel lens based systems. Mirror based and light guide systems
are also developed to be alternatives to these systems.

Fresnel lens based systems

Fresnel lens based systems are using the simple idea of collecting the solar
radiation and focus it onto the solar cell. If an ordinary lens is used, the lens will be
too thick for a commercial system. To overcome the thickness problem associated
with the large lenses, thinner Fresnel lenses are used to concentrate the light as
shown in Figure 6. These lenses have similar optical properties while require less
optical material. With less material usage, these systems are cheaper and lighter
than the ordinary conventional lenses.

Figure 6: Comparison of ordinary lens (left) and a Fresnel lens (right)

Fresnel lenses were initially produced from glass. The sharp corners of the lenses
were problematic because of delicate nature of the glass. Moreover in molding
processes, high surface tension of the glass is rounding the sharp edges of the
Fresnel grooves and lowering the optical performance. With the development of high
quality optical plastics, such as PMMA, Fresnel lenses are now produced from this
kind of transparent plastic materials.

Fresnel lenses have many corners because of their faceted geometry as shown in
Figure 7. The edges should be infinitely sharp but always a degree of rounding exits
in these corners. Tip and valley rounding is an important loss mechanism in these
lens type. Moreover Fresnel lenses are produced by using plastic molds. To remove
the mold from the material always a draft angle is needed. This draft angle also
exists in the final product and causes optical losses. By collecting all the loss
mechanisms, Fresnel lenses that are used in CPV systems can have %80 percent
optical efficiency while very high quality ones can have a few percent higher than
this value.
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Figure 7: Faceted geometry of Fresnel lenses

The spherical aberration problem of ordinary lenses does not exist in Fresnel
lenses. Every faceted ring can be designed separately and therefore non-imaging
designs are possible.

There are several variations of the Fresnel Lenses. A normal Fresnel lens has a flat
front surface. But if the front surface is curved, than some refractive power can be
obtained from this surface, moreover draft losses and edge rounding losses can be
reduced by optical design to some extent. Conical Fresnel lenses and Dome Shaped
Fresnel lenses are also possible. Classical Fresnel lens and dome shaped Fresnel
lens are shown below in Figure 8 for illustration.

Figure 8: Comparison of classical Fresnel lens and Dome Shaped Fresnel lens.

One of the important variations of the refractive Fresnel lens is total internal
reflection (TIR) lens as shown below in Figure 9. A refractive Fresnel lens gets lossy
when the lens f-number gets smaller [5]. This is mainly sourced from the Fresnel
reflection losses from the facet surfaces. To eliminate this problem, TIR reflection
can be included to the design. TIR lens is using internal reflection from facets to
concentrate the light. Generally center region is ordinary Fresnel lens because TIR
surfaces become too steep if used at the center region. This lens type can reach
higher concentration levels as a result of achieving lower f-number.
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Figure 9: TIR Fresnel lens

Production of the TIR lenses is harder than the ordinary refractive Fresnel lenses
because in this lens type two surfaces are functioning to concentrate the light.
Facets are steeper and therefore needs sophisticated mold surface production.

Mirror based systems

Optical systems that consist of reflective optical components can also be used as an
optical concentrator. Either a single parabolic geometry (FigurelO) or a combination
of several mirrors can be used for this purpose. This system uses reflection only to
concentrate the light, therefore there is no chromatic aberration in this system
which enables us to reach higher concentration levels.

-~ Cell

Figure10: Parabolic mirror concentrator

Mirror based systems generally have an obstruction in front of the light. If a single
parabolic mirror is used, the obstruction will be the solar cell, support structure
and the cooling elements. A better cooling mechanism or stronger support
structure will increase the shading losses. By using Cassegrain configuration as
shown in

Figure 11 it is possible to locate the solar cell at the back of the solar panel. As a

result larger and better cooling elements can be used without obscuring the light.
But in Cassegrain systems, secondary mirror will still cause obstruction.
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Figure 11: Cassegrain two mirror concentrator with secondary optics

Cassegrain configuration has advantage of folding the light paths and reducing
overall system length. As a result, bulkiness of the system can be reduced. In the
real operating conditions there are degrading effects on the mirrors. Generally a
front cover glass is used to generate a closed solar panel. The front cover glass also
been used as the support structure of the secondary mirror. Although there are
many advantages of using cover glass, because of adding two more optical surfaces,
%38 of the light will be lost from the cover glass if no AR coating is applied.

Light guide based systems

Light guide systems are a newly developing concept. In light guide systems,
incoming solar radiation first concentrated by a series of small lenses or
concentrating elements onto injection regions of a light guide. The light guide
collects and in some cases concentrates the light and sends to a common exit port
where the solar cell is located.

The commercial examples are all based on the similar light guide geometry where
the light guide steps are towards the thickness of the light guide. Morgan Solar
Company is trying to commercialize a light guide concentrator based on circularly
rotated form of vertically staggered light guide. This company is trying to realize a
high concentration system and their patent applications show that they will also try
medium concentration versions of vertically staggered light guide.

Horizontally staggered version of the light guide solar concentrators is studied in
this thesis. No prototype or performance related publications have been recorded on
this particular approach. We have designed and realized this system during this
Ph.D. study. We have materialized a prototype of the system and a patent
application has been performed. During our patent applications we found that a
simple model based on a similar idea was discussed in a conference paper
published by a group from Rochester University.[6] However, this publication did
not include many of the features such as optical and thermal simulation, PV
performance analysis, and practical realization of the system. We have fabricated
and tested a prototype based on this approach for the first time in this Ph.D. study.

2.4. Problems and challenges of conventional point focus CPV systems

Solar cell geometry

Sun has a circular geometry and occupies an angular size of 0.26° on the sky. As a
result, the image of the sun at the focused region is circular and light only
illuminates circular regions on the solar cell. While the illumination is circular,
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solar cells are produced in rectangular forms. Geometries of the illumination and
the solar cell do not match well and solar cell is not used effectively under such a
condition.

Besides wasting of the solar cell, some part of the solar cell is not illuminated and
therefore non uniformity losses occur. Efficiency of the solar cells generally drops
under non-uniform illumination.

Bulkiness

If a solar module gets thicker, it uses more material to be stiff and getting heavier.
In windy days, a thicker module is exposed to more drag force and mechanical
structure should compensate this force. Moreover, high module thickness is not
good for cost effectiveness because thicker modules require more material usage.

A Fresnel lens can focus the light to a distance equal to its focal length. This is the
place where the solar cell is sitting. Therefore the module should be at least as
thick as the focal length of the lens. Fresnel lens based systems are generally
thicker and called as box type systems. Although mirror based systems diminished
this problem, the thickness of the module is still higher than the flat plate silicon
panels.

With respect to the panel thickness, the only non-problematic structures are light
guide systems. Light guide systems using small focal length lenses, and light guide
itself is generally not a thick structure. Therefore they have similar thickness
values with the commercial flat plate silicon panels.

Solar cell cost

In high concentration systems, tandem solar cells are commonly used. These cells
are too expensive and therefore it is only possible to use them under high
concentrations. In spite of high concentration with a small cell area, the cell cost is
still an important part of the total module cost.

Tandem solar cells are using rare earth materials and their availability in high
volume is questionable. Their production techniques include epitaxial growth and
therefore still not very suitable for the mass production.

Overheating

Even a small child with a magnifier knows that focusing the sun light causes
overheating and even fires. The solar concentrators also have the same effect
because of the highly focused sun light.

Heating reduces the solar cell efficiencies. This effect is high in the silicon solar
cells and still significant in the GaAs based tandem solar cells.

Overheating can dissolve solder joints and break the electrical connections.
Moreover overheating and uneven temperature distribution can distort the module
structure because of thermal expansion and can cause optical misalignments.

Classical point focus systems have over heating problems because of difficulties in
heat dissipation. Heat moves in the material with temperature gradients. Linear
heat generation is better than the circular generation if the same amount of heat
generation area is considered which is shown in Chapter-4.
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Available radiation

Most of the high concentration optics can only collect light from a small portion of
the sky. CPV optics can transmit light to the photovoltaic cell, if only the light is
received from a proper direction. Therefore only the direct portion of the solar
irradiation is available. Direct portion of the solar irradiation is only 80-85 % of the
total irradiation in clear sky condition. Although high concentration systems can
use higher efficiency solar cells, their bad diffuse radiation performance reduces the
total output power.

Tracking tolerance

Medium and high concentration systems have to use sun trackers to function well.
Although trackers add complexity to the systems, two axis trackers can increase
the yearly output power approximately 40%. If the tracker is reliable and cheaper,
the tracker requirement of the CPV systems becomes pros of the CPV systems. But
this profit can be lost if the tracking tolerance gets tighter like in the very high
concentration CPV systems. Tighter tracking tolerance needs stiffer and delicate
trackers. Accurate trackers are costly, more prone to errors and can lose tracing
with a small breeze.

Optical efficiency

Optical efficiency of the optics is an important factor in the module power outputs
of the solar concentrators. Optical concentrators have several loss mechanisms
which have already been mentioned. The losses from boundaries, called Fresnel
losses, can be reduced by the application of anti-reflection (AR) coatings. AR coating
is not widespread in the industry because of high cost of the vacuum coating
processes. But recent developments on sol-gel coating methods can solve this
problem with low cost methods.

Besides the cost effectiveness of the methods, most of the AR coating methods are
not suitable for Fresnel lenses. To apply vacuum AR coating, first of all a dip
coating or sprayed hard coating process is necessary for the plastic lenses. The
problem comes from the faceted geometry of the Fresnel lenses. Dip coating process
is not suitable for such fine structured optics because fluid is not only wetting but
accumulates at the valleys of the lens surface.

Summary of problems and future directions

Invention of new optics and their cost effective production methods can lead to
revolutionary changes in the CPV systems. For an ultimate success of the CPV idea,
low cost modules with mass production of trackers and high efficiency concentrator
cells are needed. Upcoming years can be CPV age of solar energy if good solutions
are discovered to the persistent problems. The problems of the systems are
summarized below which are already mentioned in detail with in this section.
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Table 1: Summary of problems for CPV systems

Solar Cell Sun image is circular while solar cell is rectangular.
Geometry This causes inefficient use of solar cell area.
Bulkiness Modules are very thick. Thicker module consumes

excessive material and needs stiffer support structure.

Solar cell cost | High efficiency solar cells are too expensive. Very high
concentration ratios are required for cost effectiveness.
C > 500x

Overheating Needs cooling fins and panels are separated from each
other to promote air circulation.

Av;ll:Ple Diffuse radiation is lost because of small acceptance
radiation angle of high concentration systems.

'tl‘rla cking Expensive solar trackers with stiff construction are
olerance needed.

Optical Fresnel lenses are lossy and not possible to use ordinary
Efficiency AR coating directly to reduce losses because of small

features of faceted geometry.

2.5. Photovoltaic cells for CPV

Photovoltaic cells are devices that generate electricity using energy of light. The
photovoltaic effect was firstly observed by Alexandre-Edmond Becquerel in 1839.
His discovery showed that, exposure of light on metal electrodes in an electrolyte
solution generates electricity. Following him, in 1877 Adams and Day encountered
a similar phenomenon in solid selenium and they built first solid structure having
photovoltaic current generation. Following years served for the development of
physics behind photovoltaic effect and photovoltaic cells. In 1954 the first single
crystal silicon solar cell having 6 % efficiency was developed by Chapin et. al. in
Bell Laboratories. This single crystal silicon solar cell is the beginning point of the
modern photovoltaic systems that we use today.

In 1950s and 1960s, photovoltaic technology was mostly used for powering artificial
satellites. The first satellite to use solar panels was the “Vanguard 1”7, launched in
March 1958 with solar cells made by Hoffman Electronics. The successful launch
and operation of this first satellite created interest in development of new solar
powered satellites either for earth observation or communication purposes. This
critical application area of solar cells is motivated by funding of research for
improved solar cells.

Years of research improved the efficiency of silicon solar cells and also generated
new kinds of solar cells such as thin film solar cells, organic solar cells and multi-
junction solar cells. The most efficient solar cells developed up to now are multi-
junction tandem solar cells and they have an efficiency record of 44% in 2012 from
Solar Junction Company.
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Architecture of solar cells

A photovoltaic cell is a two terminal device like a diode. Solar cells are constructed
from semiconductor materials having artificially generated p-n junction in it.
Electrons in this materials move from valance band to the conduction band when
they absorb energy from the light.

Conduction Band

hv

Valance
o

Figure 12: Excitation of electrons from valance band to conduction band as a result of
light absorption

Built in electric field exists inside this solar cells as a result of the artificially
generated p-n junction by doping. This electric field separates electron hole-pairs
from each other and forces electrons to flow through an external circuitry. The
schematically representation of an operating solar cell is shown in Figure 13.
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Figure 13: Solar cell model

A single solar cell is a low voltage device and ordinary solar cells can only generate
a voltage in a range of 0.5 to 1 V. To construct a useful power generator with a
desired voltage and current, several solar cells are connected in series and parallel
to form a solar panel.

Photovoltaic device model

Photovoltaic generators can be modeled by a current source in parallel with a diode
in ideal conditions. Real photovoltaic cells have also several resistive disturbances
which can be generalized in two components, shunt resistance and series
resistance. A high shunt resistance and a low series resistance values are desired
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for a well behaving solar cell. The circuit model of the solar cell is shown in Figure
14.
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Figure 14: Electrical equivalent of a solar cell

The mathematical representation of an ideal solar cell is an ideal diode in parallel
with a light-generated current source and leads to the following expression:

)= e = Jo [e ()] - 1 &

Where q =1.602x10-19 C is the magnitude of the electronic charge, kg =1.380x10-23
m?2.kg.s2.K-1 is Boltzmann’s constant and the temperature T is assumed to be 300
K. When the contacts are isolated the expression for the open circuit voltage can be
found as:

Voc = k;—Tln (];—; + 1) 2)

The power generated by a solar cell is determined by the incident light level.
Generally the incident light level is well defined for testing of the solar panel
standards and it is constant. By knowing the incident light level and the power
output, the important parameter efficiency is defined as:

(3)

If the I-V curves of the solar cells have been in a rectangular shape, than the
maximum generated power will be the multiplication of the short circuit current
with the open circuit voltage. In reality, the I-V curve is not rectangle and the
performance parameter “fill factor” defines the shape of the I-V curve of a solar cell.
Definition of fill factor is [7]:

FF — Pmax.out (4)
Voc XJsc
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Several important parameters of a solar cell can be extracted from I[-V curves as
shown in Figure 15. Maximum power point, open circuit voltage and short circuit
current can easily be obtained from I-V curves. Moreover series (Rs) and shunt
(Rsh) resistances can be calculated. The reciprocal of the slope of the curve where
voltages are closer to the O gives the shunt resistance. Shunt resistance should be
large and it is the main indicator for the edge isolation performance. Similarly the
reciprocal of the slope of the curve at the open circuit voltage region indicates the
series resistance. The mathematical expressions of Ry and Rsn are shown as;

R.= 1li dl - R, = li dl)_l 5
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Figure 15: Typical I-V curve for a solar cell

Silicon solar cells: First generation solar cells

Silicon solar cells are first generation solar cells and the most common cell type in
the market. They are classified with the quality of the material that they use. In
general single-crystalline type has higher efficiency while multi-crystalline have
lower cost. These solar cells are produced from silicon wafers that are cut from the
larger ingots. Most of the silicon solar cells have screen printed contacts while other
metallization schemes also exist in some specific technologies such as in the
interdigitated back contact solar cell technology.
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Figure 16: Crystalline silicon solar cells

First generation solar cells have an expected life span of 20-25 years and their
degradation rates are known for long periods. The silicon industry is a very mature
industry today. These cells have the most widespread use and the oldest track
records.

Thin film solar cells: Second generation solar cells

Silicon purification and wafer manufacturing processes are not cost effective
processes and therefore crystalline silicon materials are expensive. To reduce the
cost of the solar energy, several attempts have been made to reduce the
semiconductor material used in solar cells.

Thin-film technologies reduce the amount of active material of solar cells
considerably. Most thin film solar cells are produced by vacuum coating processes
onto the glass or plastics. The majority of the film panels have significantly lower
conversion efficiencies. There are several types of thin film Technologies. Cadmium
telluride (CdTe), copper indium gallium selenide (CIGS) and amorphous silicon (aSi)
are major thin-film technologies that have obtained some market share.

Figure 17: Thin film CIGS solar cell on flexible substrate[8]

Multi-junction solar cells- third generation solar cells

Extensive research on solar energy conversion technologies has generated lots of
new kind of solar cells and some of these new solar cells are classified as the third
generation solar cells group. These solar cells utilize novel concepts, new materials
and nanostructures. Nano-crystalline silicon solar cells, photo-electrochemical
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solar cells, dye sensitized solar cells, organic solar cells, hybrid (organic-inorganic)
solar cells and tandem solar cells are some examples of this generation. Tandem
cells or so called multi-junction solar cells made of GaAs family are very important
for the CPV systems.

Multi-junction cells are developed to utilize as much of the solar energy as possible
by eliminating the band gap limitation. Every layer of the cell is sensitive to
different portions of the solar spectrum and designed to maximize the power
generation[9]. Multi-junction cells are designed to satisfy current match at every
layer and minimum current generating layer is determining the maximum current
that can be obtained from the entire solar cell. Band gap and material type of the
solar cell is determined with respect to the spectral distribution of the sun light.
Therefore these cells are sensitive to spectral content of the light.

Multi-junction cell concept is very successful and their efficiency is continuously
improving as shown in Figure 18. These cells are using rare earth materials and
also using expensive epitaxial growth processes. Main barrier related to their
widespread use is the cost and it limits these cells to be used only with high
concentration systems that has concentration ratio higher than 250x.
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Figure 18 NREL's best research-cell efficiencies chart [10]

Important parameters of solar cells in CPV systems

CPV cells differ from the ordinary solar cells by several aspects. The main
differences of these cells are their high current densities at the working conditions.
A concentrator cell should be designed by considering that they will receive higher
solar flux and therefore generate higher current densities. This current density can
be transferred well only if the cell’s series resistance allows its flow.[11] Therefore
one of the most important parameters for a CPV cell is series resistance associated
with the metal connections.

To understand the effect of illumination on FF of the cells, a standard H patterned
cell produced at GUNAM labs is compared with a buried contact solar cell (which is

21



described below). I-V curves of the cells were measured at different illumination
levels. The resulting I-V curves are given in the Figure 19.
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Figure 19: Comparison of I-V curves

It can be seen from the data that the IV curve of the buried contact solar cell is
keeping its rectangular shape with increased illumination while screen printed
GUNAM solar cell loses its shape with illumination. This means that screen printed
cells has a reduced FF at higher illuminations due to the resistive losses with
increasing current densities.

Open circuit voltages are also changing with the illumination and in general
increasing with the illumination level, but the open circuit voltage is also very
sensitive to temperature changes. These measurements are not performed on a
constant temperature environment and concentrated light causes rapid heating of
the solar cells. Therefore absolute values of the open circuit voltages that obtained
in these measurements should not be taken as a reference.

Low series resistance cells need proper metallization. Screen printed cells are not as
good as a concentrator cell, because series resistance is too high for this kind of
metallization.[12] Buried contact cells have smaller series resistance because of
having larger and better contact region and therefore it is possible to use them in
concentrating systems.

There are three different cell type developed in the literature suitable to use with
silicon based concentrators. These cells are back contact solar cells, buried contact
solar cells and sliver solar cells. Their common property is smaller series resistance
and ability to work under high illumination conditions. These cells are explained
below in detail.

Buried contact silicon solar cells

Buried contact solar cells are front contact solar cells. Distinguishing property of
these solar cells is that their metal fingers are buried into the silicon wafer. This
type contact has high area of contact and therefore has low series resistance.
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Figure 20: Buried contact solar cell (Source: PYCDROM)

Buried contact cells are first commercialized to be flat plate PV panels. But recent
developments in the flat plate silicon panels have destroyed the market
opportunities of these type solar cells. Only the company NAREC is producing this
technology now in a plot line for the concentrating photovoltaic systems.

Back contact silicon solar cells

These cells are using float zone silicon wafers with high lifetimes. All the metal
contacts are at the back of the solar cell. Sunpower Corporation has
commercialized these cells as a flat panel PV and reached an efficiency record of
24.2 % on a full scale wafer. Recent collaborations across Europe also try to
commercialize this technology. IMEC has showed a prototype achieved 23.4%
efficiency for small size cells. Because of the float zone wafers and more
sophisticated production methods, these cells are more expensive than the
commercial screen printed solar cells.

The best cell type for the silicon concentrator systems are back contact solar cells.
These cells have larger contact areas at the back of the cells and therefore have
smaller series resistance. Moreover as a result of absence of the front metallization,
they don’t have finger shading losses and higher efficiencies can be achieved.

Sliver cells

Sliver cells are using less silicon material for cost reduction. These cells have their
metal contacts at the side of the cell as shown in Figure 21. In general cells are very
thin and highly efficient. The main limitation of Sliver cells are their small width in
the range of 0.5mm to 2mm. They are commercialized as a flat PV panel by
arranging many of them side by side.

This technology can be used with the special types of the CPV optics, such as light
guide concentrators or luminescent concentrators. This type of solar cell can have
efficiencies above 20% at 1 sun and does not have finger shading losses.
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Figure 21: Sliver cells [13]

Effect of light intensity

Efficiency of solar cells tends to increase under concentrated light. With higher
illumination levels some of the loss sources remain constant or increase less than
the increase of the illumination level. The increase of the solar cell efficiency
depends on the solar cell type and design of the solar cell.

The equation below gives the relation between open circuit voltage and the
concentration ratio. In the equation m is the ideality index. As shown from the
equation, voltage logarithmically depends on the concentration level [14][9].

V(T,C) = V(T,1) + mTlen(C) 6)

For silicon solar cells the peak efficiency point can easily be obtained at 30-50x
range and can be manipulated with the cell design as shown in Figure 22. For the
tandem cells, manufacturers design the cell to have their peak point somewhere
close the 500x or that point is specifically designed for the targeted cost effective
concentration ratio.
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Figure 22: Energy conversion efficiency versus concentration ratio for two different
silicon solar cells.[15]
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Back contact silicon solar cells are shown to work with an efficiency of 27.5% under
concentrated light in 1986 as demonstrated by Stanford University [16] [17].The
most efficient solar cell ever produced is 27.6 % from Amonix with a concentration
ratio of 92x in 2005. The silicon solar cells generally show their peak efficiency
below 100 suns. Silicon solar cells have limiting efficiency lies in the 36-37-percent
range under concentration. This limiting value drops to 29.8 percent for non-
concentrating cells.[18]

The improved efficiency under concentrated sunlight related to the current and
voltage output of a solar cell. The current increases linearly with illumination while
the voltage output not staying constant but increases logarithmically. This behavior
cause efficiency increase in solar cells. [16] This efficiency increase can partially
compensate the optical and thermal losses inherent to CPV systems.

Effect of temperature

Efficiency of solar cells decreases with the increasing temperature.[19] Although the
current increases slightly with the temperature, the voltage drop is more significant
with the temperature increase and as a result efficiency drops. Under one sun
condition most of the silicon solar panels has 0.38 %/°C to 0.50%/°C drop in their
conversion performance.

Temperature affects several parameters of the semiconductors. First of all, as a
result of temperature increase, band gap of the semiconductors are reduced. This is
explained by Varshni's empirical formulation [20] [21][22]:

2

E,(T) = E,(0) — ~— 7)

T+

Where E4(0), a and B are material constants. For Silicon crystal, E4(0) is 1.1557 eV,
a is 0.0007021 eV/°K and 3 is 1108 °K . Values are calculated in the below table
for different temperatures and it is shown that the effect of temperature is not
significantly influence the band gap and for 30 °C increase beyond room
temperature, reduction of band gap is only 0.7% with respect to the value at room
temperature. As a result smaller energy photons that have only 9 nm larger
wavelength can be absorbed by the material. Therefore short circuit current of the
solar cell will slightly increase as a result of temperature increase. [21]

Table 2: Effect of temperature on silicon band gap

T(°C) E(g) Change Corresponding
(%) Wavelength (nm)
25 1.112 0.0 1115
35 1.109 -0.2 1118
45 1.106 -0.5 1121
55 1.103 -0.7 1124
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Besides the band gap of the material, temperature also influence the intrinsic
carrier concentration of a material. For solar cells this causes an increase of the
back saturation current (lp). If shunt resistance is high enough, open circuit voltage
of a solar cell depends on the back saturation current with the below formulation.

nkT IL
Voc=2— In(—+1) (8)
q Iy

Increase of the back saturation current as a result of temperature elevation is the
main responsible mechanism for the temperature degradation of open circuit
voltage.

The ratio of the open-circuit voltage to the intrinsic band gap is the primary
predictor of the temperature coefficients of solar cells[23]. Higher efficiency cells
with higher open circuit voltages have better temperature response, as an example
back contact solar panels have -0.38 %/°C temperature coefficient which is the
smallest in crystalline silicon panels.

The level of efficiency loss of solar cells with the temperature is affected by the
concentration ratio. The drop per degree is lower in the high concentration region.
This effect is also applicable for the silicon solar cells. Temperature dependence of
open circuit voltage of the silicon concentrator cells is expected to drop from
2.2mV/°C for one sun illumination and to about 1.8mV/°C under 100x
concentrated sunlight.[14] This behavior is shown in Figure 23. Although Voc drops
at elevated temperatures, the change is slower at higher illumination values and
higher open circuit voltages (Voc) can be obtained under the concentrated light.
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Figure 23: Voc vs. temperature and concentration level [14]

Effect of module geometry- single cell vs. dense array

Most of the concentrator cells are produced from smaller cells that are cut from
standard wafers. This increases cell count and number of electrical contacts. But
smaller cells receive smaller amount of radiation and thus thermal cooling is easier.
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Some CPV designs prefer working more on the heat transfer problems and using
bigger cells. In this case sophisticated cooling means are necessary to overcome the
thermal issues while electrical connections get simpler. Two systems, one is using
dense arrays and other using small single cells are shown in Figure 24.

L T
Ry oy
T T
AR,

Dense array 10 x 10 cm? Cell diameter 2,3 mm
Heat spreader 3 x 3 cm?,

Figure 24: Solar System and Concentrix Solar high concentration systems and dense
array vs. small single cell [24]
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CHAPTER 3

OPTICS FOR SOLAR ENERGY

3.1. Introduction

There are many different optical configurations that have been used in CPV
systems. Although geometries are so different, their design effort created several
common design methods. The degree of attainable concentration is an important
consideration for the CPV systems. It is of great interest to estimate this value for
any particular design.

In the first look, geometric optics does not seem to have any relation with the
thermodynamics; in fact concentration level is limited with thermodynamics rules
[25]. Concentration limit which is derived from the étendue concept is preventing
building optical perpetual motion machines. By knowing the ideal upper levels of
concentration, it is possible to judge whether an optical design has further
improvement room or not.

Concentration limit is a function of refractive index of material and acceptance
angle. Higher concentration levels are possible if the end region is a high index
medium rather than a vacuum. Moreover, acceptance angle is inversely
proportional with the concentration ratio which also explains the small acceptance
angle problem of high concentration systems. The concentration limit can then be
expressed as:

nZ

€)

C = —
max - sin2 @,

Where n is the refractive index, 6, is the acceptance angle.

3.2. Etendue

Etendue characterizes level of spread out of the light in an optical system. The
spreading takes into account the spatial distribution and also angular distribution
of the light. In an optical system étendue is the integral of the area of the entrance
pupil times the solid angle of the source. Integration should be applied to
infinitesimally small elements of area and solid angle.

d*G = n?dS cos 0 dQ (10)
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Etendue never decreases in any optical system. Concentrators spread angular
distribution of the light while the illuminated area gets smaller. Change of étendue
is irreversible. A good concentrator system tries to maintain the étendue of the
source after light passes from several optical elements.

3.3. Non-imaging optics

In a classical optical system it is generally aimed to have good imaging
characteristics and reduce the optical aberrations as much as possible. These
constraints are unnecessary if the requirement is the light collection only and
aberrations such as distortion or astigmatism are not important.

A simple concentrator lens is designed such that collimated light is come to a single
focus. Because the sun occupies a solid angle on the sky, the resulted illumination
at the focus becomes a circle. This circular pattern is not coupling well with the
solar cells because most of the time solar cells have a rectangular shape. Moreover
single lens optics does not have any tracking tolerance. These problems are
overcome by applying different principles than the classical imaging optics.

New design principles are aiming to reach better concentration and illumination
schemes rather than good imaging characteristics. Because of these, new design
principles are called as non-imaging optics. This new optics, using Edge Ray
Principle and Simultaneous Multiple Surface Method, is enabling design of better
performing optical concentrators.[26][27]

Edge ray principle

The theory is such that, if edge rays are reaching to the illumination plane, than all
the other rays between two edge rays will also reach the illumination plane. As a
result, designing a system which only considers the extreme rays will also
guarantee the system to collect all the other rays too. Edge ray principle comes into
play for the concentrator design as an important design tool of non-imaging
optics.[28]

Simultaneous multiple surface design method

Non-imaging Fresnel lenses are designed with the new principles of this non-
imaging optics. The primary optics has to be designed on conjunction with the
secondary optics. In fact, the designs of both components depend on each other
and a technique “simultaneous multiple surface design method” can be applied. By
using SMS design method, freeform secondary elements can be designed.

3.4. Concentration and Acceptance Angle Product (CAP)

If all the incoming light exits from the concentrator, than the concentration is the
ratio between areas of entrance and exit ports as shown in Figure 25. When the
light is concentrated to a smaller area, it is distributed in a larger solid angle as
shown in Figure 26.[29]
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Figure 25: Schematically representation of concentration ratio
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Figure 26: Concentrated light has more angular distribution

When designing a system, higher acceptance angles are mostly targeted.
Acceptance angle indicates from how large solid angle does the concentrator
collects the light. There is an inverse relation between acceptance angle and the
concentration ratio as shown in Figure 27.
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Figure 27: Acceptance angle vs. concentration

To characterize and compare different systems, concentration and acceptance angle
product can be used. CAP value is calculated by multiplication square root of the
concentration and sine of the half acceptance angle. Maximum allowable CAP value
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is related with the maximum concentration ratio formula. CAP value is always
smaller than the refractive index of the medium.

CAP =V/Csinf <n (11)

CAP value can be used to distinguish different optical designs to decide which is
better with respect to concentration performance.

3.5. Secondary Optics

Classical lenses have no tracking tolerance and any miss-orientation causes beam
walk on the solar cell. To prevent energy loss, solar cell size should be larger. In
these systems it is not possible fully illuminate the solar cell. Some parts of the
solar cell do not receive much illumination while some parts get too much. For
most of the solar cells, this non uniform illumination causes problem and is
lowering the conversion efficiency.

M

Figure 28: (a) System without secondary optics which has no tracking tolerance, (b)
System with secondary optics

Using secondary optical elements, it is possible to increase the tracking tolerance
(Figure 29) and homogenize the illumination on the cell. With this addition of optics
it is possible to reach higher concentration values and assembly tolerances.

There are many different types of secondary optical elements which can be
refractive and reflective type. Most of the reflective types are similar to conical
structures, while refractive elements can have very specific surface geometries
which are designed in conjunction with the primary optical element.
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Figure 29: Fresnel lens only (Concentrix Solar) and with Secondary Optics (Daido
Steel). Angular tolerance is improved significantly with secondary optics

3.6. Compound Parabolic Concentrator (CPC)

This type of the concentrator is the big achievement of the non-imaging optics. CPC
is a good concentrator geometry and all the designing parameters are well
documented. It is possible to concentrate light near ideally with this concentrator
type. The only problem of this geometry is the requirement for the long
construction. In practical applications, it is usually modified from ideal geometry to
shorten its length.

CPC geometry is satisfactorily used in this thesis as a final concentrator .The length
is not a problem here because the light guide is horizontally placed and input
aperture of the CPC is small.

3.7. Fresnel boundary reflections

Even for a geometrically lossless optical system, boundary reflections are an
important loss mechanism. When the light passes from one medium to another,
some portion of the light is reflected from the boundary like reflecting from a mirror
as shown in Figure 30. If several boundaries exist inside an optical system, than
the reflection losses will increase.

ng= 1.0

n,=15

Figure 30: Transmission of light between two medium. Some portion is reflected back
into the initial medium.
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The physics behind the boundary reflections are explained with the Fresnel
formulations. The reflection amount of light depends on the polarization of the
incident light and governed by different formulas for different polarization states.
Light sourcing from the sun is unpolarized therefore transmission of the light can
be found by taking the average of the two polarization states. Fresnel equations for
different polarizations are:

ny cos 8, — n, cos 6;|? ny cos 6; — n, cos 0, |

(12)

N

p

nq cos 6y + n, cos 6; nq cos 6; +n, cos 6,

For near perpendicular incidence angles, 0;and 0 values become 0° and cosine
terms equals to unity. The above formulas for perpendicular and parallel
polarizations become equal for the perpendicular incidence angles:

ny — ny|?

=

I
1%}

I

(13)

n, +n,

If the primary lens of a high concentration system can be modeled as a two-sided
transparent flat plate with a refractive index of 1.5, for perpendicular incidence
Fresnel reflection is approximately %4 for every surface of the plate. Because a lens
has two optical surfaces, a total of approximately %8 is lost as a result of boundary
reflections. For a small f-number lens, Fresnel reflection losses increase because of
the steep angle of the exit ray and the facet surfaces. These losses can be reduced
by the use of antireflection coatings or by applying nano-texturing antireflection
surface treatments.

For oblique incidence, reflections should be calculated by considering the different
polarization states. Ray tracing optical design software such as ZEMAX can include
the effect of Fresnel reflections precisely by applying the equation to the every
traced light ray.

Transmission vs. incidence angle is shown for the oblique incidence in Figure 31.
Graph shows the incidence from air into glass medium. P polarization vanishes at a
certain angle. This angle is called as Brewster’s angle and after this angle both of
the components are increasing rapidly.
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Figure 31: Fresnel reflection from air to glass (n=1.5)

The situation is somewhat different for transmission from glass to air as shown in
Figure 32. After the critical angle of incidence no light is passing to the second
medium and all the light reflects back into the medium. This is called as total
internal reflection and is the key mechanism that enables the light guide systems.
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Figure 32: Fresnel reflection from glass (n=1.5) to air

3.8. Optical waveguides (Light guides)

Optical waveguides are reflective structures which restricts light into its volume
and transporting it along a direction. If the light guide is a high index medium, the
reflectivity from walls can be obtained by total internal reflection (TIR).

For refractive systems light obeys Snell’s Law and this law determines the
transmission of light from one medium to other with different refractive indexes.
When light pass from a high index medium to a low index medium, light is
refracted such that the angle between the refracted light ray and normal of the
surface increases.
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nysin 6, = n,sin 0, (Snell’s Law) (14)

When the angle of the ray hitting to the boundary surface increases, after a certain
angular value the light cannot pass to the second medium instead starts to reflect
back into the first medium. This reflection from boundary is called as total internal
reflection (TIR) and the angle when TIR starts is named as critical angle. Light can
be guided inside a light guide if the angle is larger than the critical angle.

0. = sin"(ny/ ny) (Critical Angle) (15)

For the light guide solar concentrators the materials are either glasses or plastics.
These materials are generally have a refractive index of close to n; = 1.5. By
assuming the surrounding medium is air with a refractive index n; = 1, critical
angle becomes 42 degrees. Air surrounded light guides can only guide light if the
light is hitting to the surfaces with angles larger than this critical angle, 42 degrees.

TIR reflection is used in several practical applications such as fiber optics in
communication systems, reflectors in automobiles and backlights in LCD screens.
The newly developing area of light guide concentrators will also be one of those
examples.

Fiber-optics systems are using TIR for long distance transmission of light. A fiber-
optic cable has a high index core which is generally surrounded with a low index
cladding. Light travels along and inside the fiber with TIR reflections because of this
refractive index difference. TIR is a lossless reflection method and light signal can
be transmitted to long distances inside the glass core with high efficiency. Fiber
optic light guides in communication systems generally have very small core
structure and their computation require electro-magnetic calculations. While in
some applications the core of the fiber optics is larger and geometrical optics can be
used for the explanation of the behavior inside the fiber. Fiber optics systems do
not affect the angular distribution of the light, as a result while transmitting the
light across the fiber optics, étendue is not changed.

Backlights in LCD screens are also using TIR to generate uniform illumination
across the screen. Planar light guide in backlights carry the light that sourcing
from series of LEDs by TIR reflections and distributes light uniformly as a result of
intentionally generated surface defects. In this systems étendue is not intended to
be conserved and increases significantly because light starts from a small area and
distributed to a large area of the screen, moreover it is angularly distributed to
reach a wide view angle.

3.9. Properties of the sun light

Sun continuously moves in the sky throughout the day. The maximum elevation
angle, sun rise and sun set places and length of the day change day by day in a
year and also changes with the location on the earth.
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Sun occupies +0.26 degrees angular size on the sky. Most of the light reaching to
the ground is coming from this angular cone and this radiation is called as direct
solar irradiation. In most of the measurements the direct component of the light is
measured together with the *5 degrees circumsolar radiation. This circumsolar
radiation is the forward scattered radiation in the atmosphere and the most
powerful part of the diffuse radiation.

Diffuse radiation is the combination of scattered radiation in the atmosphere and
reflected radiation from the ground. Atmospheric content such as water vapor and
aerosols affects the amount of the diffuse radiation. Increase of diffuse radiation
means in general decreasing the direct component of the solar energy because
diffuse radiation results from the scattering of the direct radiation.

The amount of the total irradiation is the main parameter for a flat PV panel. Flat
modules are characterized under standard 1000W/m?2 AM1.5 condition which
includes direct and diffuse components of the sun light.

CPV modules can only collect radiation from their acceptance angle which is
generally on the order of a few degrees. Optical systems cannot concentrate diffuse
radiation satisfactorily. Any radiation coming out of acceptance angle is either
rejected or absorbed by the structure and couldn’t be converted to useful power.
Because of this, CPV systems are generally specified to work at 850 W/m?2 direct
normal irradiance and power output of the CPV module and efficiency of the
module are calculated under 850 W/m?2.

For the CPV systems the most important component of the sun light is the direct
component of the sunlight. Because of that, CPV systems are working better where
the sky is open and direct component of the sun light is available. The
measurement for the yearly energy coming from the direct component of the solar
radiation is called as Direct Normal Irradiance (DNI) and CPV systems are useful in
high DNI regions.

Diffuse component of the sun light depends on the atmospheric conditions and also
the angle with respect to the sun position. The graph shown in Figure 33 indicates
how the diffuse component of the radiation is changing with the angle with respect
to the sun position. It indicates that higher acceptance angle is beneficial because it
is possible to collect an important amount of the diffuse radiation with high
acceptance angle optics [3].
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Figure 33: The theoretical maximum for the acceptance angle (red curves; left axis)
that can be achieved as a function of linear concentration and the fraction of diffuse
light that can be collected theoretically (green curves, right axis) assuming that the
diffuse light is isotropic.(Source: NREL [3])

Spectral distribution of the sun light is also important for the photovoltaic power
generation. Sun behaves like a blackbody source and has a spectrum from ultra
violet to far infrared. Extraterrestrial spectrum is modified by the absorption and
scattering of gases in the atmosphere shown in Figure 34. ASTM G173 is the most
accepted reference spectrum for the photovoltaic calculations. This reference
spectrum assumes light is passing from air mass 1.5 with clear sky conditions.
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Figure 34: ASTM G17-03 Reference Solar Spectrum
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CHAPTER 4

THE HORIZONTALLY STAGGERED LIGHT GUIDE SOLAR
CONCENTRATOR CONCEPT

Parts of this chapter have been published in Optics Express, Vol. 20, pp. 19137
(2012), O. Selimoglu and R. Turan.

4.1. Introduction

When the thickness of a point focus CPV module gets thinner, it needs very tiny
solar cells and very high assembly tolerances. Many small size solar cells need to be
connected accurately and therefore module gets complicated as shown in Figure
35. Moreover these tiny solar cells should be placed with tighter spatial tolerances.

Figure 35: Thin CPV module with very small cell sizes.[30]

In order to reduce complexity of CPV systems with a more robust construction,
light guide solar concentrator systems have been proposed [31]. In this approach,
the incoming solar radiation is collected by several primary concentrators and
directed to a single PV cell through a light guide vertically located with respect to
direction of the solar radiation. Light guide solar concentrators can be divided into
two main classes as “lossy and lossless” [32]. As the names indicate, lossy systems
lose some of the collected solar radiation through injection points or directing
surfaces [32]. Because of their architecture, they tend to have smaller loss if the
tracking tolerance is made tighter. On the other hand, the lossless systems do not
have geometrical decouple loss, while they still have some losses due to Fresnel
reflections from boundaries and material absorption. In order to achieve a
completely lossless system, a volume increase at injection points are necessary [32].
In some of the recent studies [33] [34], the volume increase has been applied
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towards thickness direction resulting thicker light guide construction as shown in
Figure 36.
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Figure 36: Light guide concentrator with increasing light guide thickness[34]

Many of the proposed light guide concentrators implement linear exit ports which
have low concentration level. For the lossless cases, this is a consequence of having
long directing surfaces that couples well to line focus primary concentrators. To
achieve high concentration in these systems, they need to be designed in circularly
symmetric geometry (Figure 37) with a point focus like circular exit port [33][34].
The lossy systems also need secondary concentration geometries to reach high
concentration levels [35]. But this extra concentration feature sacrifices continues
and also linear exit port geometry to achieve high concentration levels and reaches
discrete exit ports similar to the point focus systems. In order to overcome the
problems encountered in previous concentration approaches, horizontally staggered
light guides can be used. This kind of staggering does not increase the thickness of
the light guide and this light guide well couples to the point focus primary
concentrators [6]. This design has a potential for reaching high tracking tolerance
with high concentration ratios while satisfying the cost effectiveness required by a
CPV system.

2" FIG. 4

Figure 37: Circularly symmetric lossless light guide solar concentrator[34]

In this study, we investigate the effectiveness of the horizontally staggered design
for very high concentration levels up to 1000x. D. Moore et al., have recently
reported general structure and basic properties of this approach for medium
concentration systems.[0].
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4.2. Method of concentration

The concentrator investigated in this study is an arrangement of a lens array and a
horizontally staggered light guide. As shown in Figure 38, light guide stays below
the primary concentrating lens array. Light directing surfaces, light transmitting
media and the exit port of the concentrator are actually features of the horizontal
light guide structure. A photovoltaic cell will be attached at the exit port of the
optical concentrator to finalize the system. The components of the optical system,
design parameters and their effects on the optical performance are discussed below
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Figure 38: Solar concentrator that using light guide

4.3. Parts of the concentrator

Lens array

The primary concentrator array is focusing the light onto points of a rectangular
grid. These focused points will be the injection points (acceptance region) of the
light guide. The rectangular grid of the injection points is shown in Figure 39(a).

Figure 39: Primary concentrator array, (a) Rectangular grid of focal points, (b) Lens
array.
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The primary concentrator array can be constructed from several different types of
point focus concentrators such as fly eye lens array, array of Fresnel lenses,
Compound Parabolic Concentrators (CPC), diffractive concentrators, Cassegrain
systems or combinations of lenses and mirrors. In the optical design and
simulations, ordinary simple lens array is chosen for simplicity as shown in Figure
39(b). The primary concentrator focuses the incoming light onto the light directing
surfaces which is a part of the light guide structure. Because the light directing
surface is small, to achieve maximum acceptance angle the directing surface
should be at the focus of the primary concentrator array where the beam width is
the smallest.

The vertically staggered lossless light guide solar concentration systems are best
coupled with line focus primary concentrators. These line focus primary optics
squeeze the incoming collimated light only in one dimension, and if circularly
symmetric form is not used, they are generally low concentration systems. In
horizontally staggered light guides, instead of line focus lenses, point focus systems
or specifically ordinary lentil type lenses can be used. This type of lens squeezes the
beam in two dimensions, and as a result, the diameter of the incoming beam is
reduced. This has an important advantage compared to the line focus systems. If
the line focus primary concentrator concentrates the light with a concentration of
C, than the ordinary lentil type lenses approximately can give a concentration ratio
of C2. Because of this rule, horizontally staggered light guide solar optics can easily
reach very high concentration values.

The focal length of the each focusing element in the primary concentrator array
defines the main thickness of the total structure. The focal length also defines how
big the sun image will be at the focus point, which is a design parameter for
directing surfaces and also for the light guide thickness.

The aperture of the each lens element is also important together with the focal
length. The f-number (focal length to aperture ratio) is a measure of the brightness
of the image at the focus. If the f number gets smaller, than some light rays coming
to the focus is too angled. This angle is an important parameter for the directing
surfaces and should be properly designed to achieve Total Internal Reflection (TIR)
at the directing surface and from the walls of the light guide structure. If the angle
of the incident light gets excessively large, some of the incoming light rays will not
satisfy the TIR conditions so decouple loss can be significant.

Excessively angled rays also cause optical path length elongation. If the rays move
more in the material, depending on the material selection, internal absorption may
cause significant transmission losses. These too angled rays also make too many
TIR reflections from the surfaces of the light guide, resulting in more interaction
with the optical surface irregularities such as surface roughness.

Low index media

In order to satisfy TIR condition inside the light guide, a low index region between
the light guide and the lens array is compulsory. This low index medium can be an
air gap in the simplest case or it can be a low index transparent material that fills
the region between the light guide and the lens array.

Fresnel boundary reflections result from the refractive index changes at the
boundaries. If the low index media between the light guide and lens array is
properly selected, the Fresnel reflections can be minimized and increases the
optical efficiency. The refractive index of this medium should be low enough to
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satisfy TIR in the light guide, while it should be high enough to reduce Fresnel
reflection losses sourced from index differences.

Using low index materials instead of an air gap has some mechanical benefits such
that the primary concentrator will support the light guide and no extra support
structure is needed. On the other hand, the use of an air gap brings some design
advantage in reaching very high concentration values. At higher concentration
levels, the light traveling inside the light guide hits the boundaries with steeper
angles. Therefore at the very high concentration regions such as the exit part of the
light guide, it is beneficial to use an air gap as the low index medium. This
approach is used in the simulated design to reach very high concentration levels.

Light guide

The light guide is responsible for transferring the light to the end of the
concentrator. As illustrated in Figure 40(a), it collects the light from different lenses
and, when properly designed, gives extra concentration to the travelling photon
beam. It is best visualized from the top view shown in Figure 40(b).

(b)

Figure 40: Horizontally staggered light guide (a) Light guide collects light from
different lenses. (b) Stepped structure of the light guide (top view).

The length of the light guide is restricted by several parameters. At a certain length,
when new lenses are added to the system, adjacent light guides start to overlap.
This overlapping prevents addition of new steps to the horizontal light guides and
determines the concentration limits of the optical system.

The absorption of the light guide is also important and it can significantly affect the
final efficiency of the system. As the light travelling considerably longer distances
inside the light guide, the absorption by the light guide material becomes
important. Therefore, a low absorbing material should be used to fabricate the light
guide of the system.

Light directing surfaces reflect the light into the light guide with an angle such that
reflection from the light guide surfaces satisfies the total internal reflection (TIR)
condition. If the refractive index of the light guide material is high enough, no
reflective surface coating is needed.
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4.4. Further concentration methods inside the light guide

Side cutting surfaces

In order to reach higher concentration levels, the side of the light guide can be cut
with specifically calculated surface orientations such that overlap of the adjacent
light guides can be avoided. The surface compresses the light to a smaller volume
and provides additional concentration as shown in Figure 41(a).

.y Without side cut

Side cuts

Overlapping without
e 4 side cut

Figure 41: Side cutting of light guides (a) Side cutting makes the exit port smaller and
gives extra concentration. (b) Side cutting can postpone overlapping of adjacent light
guides

Side cutting can eliminate overlapping to some extent as shown in the Figure 41(b).
This side cutting gives extra concentration and therefore the light rays hitting to
this surfaces start to move with steeper angles inside the light guide. After a certain
length of the light guide the extra concentration surfaces cause the rays to move
with excessively steeper angles and causes violation of TIR requirements inside the
light guide. If a ray violates the TIR requirement, it starts to leak from the light
guide and efficiency of the light guide reduces. Therefore the side cutting surfaces
and the length of the light guide should be properly designed.

In our studies, to determine the side cutting geometry the rays that enters farthest
from the end region and has the steepest angle is traced until it reaches to the exit
port. The length of the light guide and the geometry of the side cut are iteratively
determined to always preserve the TIR condition inside the light guide while
keeping the length of the light guide as much as possible. Further study can
suggest an equation or a generating algorithm to fully determine more effective side
cutting geometries.
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End cutting- final concentration region

In accordance with the concentration required at the end of the light guide, the end
part of the light guide is designed to squeeze the light beam to a smaller region.
This region can be either a separate part and then cemented to the light guide or be
just the end geometry of the light guide. In the latter case, the end of the light guide
can have a two dimensional conical or two dimensional Compound Parabolic
Concentrator (CPC) type shape as shown in Figure 42.

The CPC can further concentrate the light and reduce the PV area considerably.
Concentration in the CPC geometry is defined by the input aperture and its
acceptance angle. To collect all the light efficiently, the CPC input aperture should
be equal or greater than the light guide output aperture.

Figure 42: End region of the light guide with a CPC type extra concentration element

The concentrated light meets to the PV cell at the end of the final concentrator
region. In most of the CPV applications, the image of the sun is generally circular
while the PV cell is rectangular or square[36]|. This incompatibility prevents the
optimum use of PV cell area because of the inhomogeneous distribution of the light
on the active PV cell area. However in the present light guide solar concentrator,
the end geometry of the concentrator is rectangular which provides an excellent
match with the rectangular PV cell geometries.

Multiple reflections inside the light guide have a homogenization effect on the
travelling beam. Uniformity of the light at the exit port is very good if no end cutting
region is used. When an end cutting region concentrator geometry applied, the
distribution of light can change and the uniformity can be disturbed. Effect of non-
uniformity on the solar cell should be investigated for specific applications. If the
uniformity is so important for the solar cell used, a homogenizer region can be
added to the end of the light guide. This homogenizer region can just be a simple
planar light guide or a modification of end concentrator geometry.
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4.5. Concentrator simulations

For the simulation of the solar concentrator, we have used the ZEMAX ray tracing
software. The input parameters are adjusted to reach a 1000x geometric
concentration and *1 degree of tracking tolerance. The wavelength range is
including visible and near infrared bands up to 1.1 microns.

In the designed system, one of the most common optical glass material, BK7 (nga:
1.516) is selected for the lenses and light guide structure. Lenses are aspheric
lenses and the defining equation of the aspheric surface is shown below. In this
equation Z is the surface sag, R is the radius of curvature, k is the conic constant,
s is the distance from the center of the lens and A4 and As are the aspheric terms.

(E)s?
Z(s) = R + A +AS®+... (16)

1+\/1—(1+ k)(Fla)Zs2

Lens surface is specifically designed with ZEMAX software to reach system level
targeted optical specifications. This designing process requires several iterations
and optimization runs. ZEMAX software has embedded optimization algorithms and
it is also possible to interactively determine the parameters by user inputs. These
algorithms and designer’s insight are used to reach the targeted acceptance angle
and concentration ratio. Lens is not designed separately but designed with
considering light guide and directing surface properties. Lens surface geometry is
selected to have an aspheric property by adding a conic constant term. This conic
constant term is used for reducing aberrations to reach good focusing ability with a
single lens.

As a result of designing efforts, lens surface geometry is defined with radius(R):
4.715 mm, conic constant (k): - 0,433 and 5mm x Smm square aperture. Further
aspheric terms are not used. Back surface of the lens is flat. Thickness of the lens
is selected to be 13.4 mm. Lens array has a MgF; AR coating of 150 nm on the out
looking face (front surface). A low index medium with a 0.2 mm thickness and
refractive index of 1.48 is inserted between the lens array and the light guide.

The light guide has a 0.4mm x 0.4mm step increase for every injection point and
this step increase is performed on a horizontal plane. The primary concentration
level is defined by the ratio of the lens aperture to the step increase. Therefore the
primary concentration is 156.25x with this selected geometry. The light guide has
45 degree reflective surfaces, which are assumed to be ideal reflectors. TIR (Total
Internal Reflection) criterion is satisfied both at the light guide region and at the
CPC end region. The only non TIR surface is the 45 degree light injecting surfaces.

The 45 degree light injecting surfaces are assumed to be ideal reflecting surfaces for
clearly pointing the issues related to the design and prevent intervening of the
reflective surface type technologies which are so broad and continuously improving.
First of all, the surface reflectivity can be selected by accommodating several
different reflecting surfaces such as silver, aluminum or dielectric mirror coatings.
Second, the 45 degree reflecting surface can be eliminated if a material with a
higher refractive index is chosen as the light guide material. Therefore adding a real
reflective surface may interfere with the purpose of this study.
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Effect of the reflective coating on the 45 degrees surfaces is very predictable. The
effect of the non-ideality of the coating will be limited and real coatings will only
alter the efficiency a few percent because every light ray is hitting to the reflective
45 degrees surfaces only once. Reflected rays will never encounter any of the other
coated surfaces again. Therefore, after the first reflection the light rays will only
exposes to the TIR reflections and this brings us that, the effect of the any selected
reflective coating on these surfaces are easily predictable. The calculated efficiency
will be multiplied by the reflectivity to get the efficiency of the system with a
selected realistic coating.

Furthermore, the real reflectivity of the materials has spectral reflectance curves. If
this spectrally behaving real coating were applied to the simulations, it will not be
possible to simply predict the effect of the reflective coatings on to the overall
efficiency.

A side cut and a CPC end region are added to the light guide to reach a high
concentration level of 1000x. A side cut is realized with a one step straight line cut
which is parallel to the virtual line passing from the injection surfaces. To prevent
any overlapping with the adjacent light guides, width of the light guide is selected
to be slightly smaller than the width of the primary lenses which is 5 mm. The
width of the light guide is selected to be only 50 microns smaller than 5 mm to
prevent touching of the adjacent light guides to each other. As a result of these
parameters side cutting reduced the exit port dimension from 8 mm to 5 mm.
Therefore the concentration is increased %60 inside the light guide as a result of
side cutting feature.

A 2D CPC region is used as an end cut region and this CPC region is a solid
structure that using the same material with the light guide which is BK7. All the
reflections inside the CPC satisfy TIR. The exit port dimension and the acceptance
angle fully define the 2D CPC geometry. The exit port has a 0.1 mm width and the
acceptance angle is 14°. Therefore end cutting region increases the concentration
level 4 times by reducing the exit port thickness from 0.4 mm to 0.1 mm.

In the simulation study, we used 20 lenses with corresponding reflective surfaces in
the light guide. The total thickness of the structure is 14 mm and it is a very thin
structure with respect to conventional CPV systems. The described geometry of the
simulation is given as a graphical illustration in Figure 43 and Figure 44.

Low index
separating medium

End region Light guide

(CPC shape) Reflective surface

Figure 43: Cross sectional view of the concentrator
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Figure 44: Top view of the light guide with a single side cut extra concentration
surface

4.6. Simulation results

Optical efficiency

The optical efficiency, which is simply defined as the ratio of the output power to
the input power, is a function of reflection and absorption losses. With the system
parameters given above, the system efficiency is found to be 96.5 % including
absorption and reflection losses. If no AR coating is applied, then the total system
efficiency drops to 94.4%.

The reflection losses occur at the boundaries where the light passes from one
region to the other with different refractive indices. Although we assumed an AR
coating on the surface of the lens array, the highest loss occurs here. The reflection
loss is 2.1% from this region if all the wavelengths are assumed to have the equal
weight. It is clear that a single layer AR coating is not sufficient to prevent
boundary reflection because of broad wavelength distribution of the solar spectrum.
By properly designing the AR coating with a multilayer structure, the reflection
from the surface can be further reduced to below 1%.

Refractive index change is very small at the boundaries of the low index medium
therefore the total reflection loss at the two boundaries of the low index medium is
0.03%, which is not significant.

The absorption loss occurs in the lens material and inside the light guide because
of the absorption in the BK7 glass. In our design the lens array and the light guide
have absorption of 0.2 % and 1.2 % on the average, respectively. Absorption loss
becomes important if the light guide is made longer to reach thicker light exit
regions.

Field of view (FOV)

FOV of the concentrator is defined as the angle where efficiency drops by %10. As
the light guide gets thicker and the horizontal step is made larger, the focused light
from the primary lens has more place to move without decoupling from the light
guide. Therefore enlarging volumetric increase of light guide while keeping the
primary concentrator size similar, gives better tracking tolerance. Increasing the
acceptance angle reduces the concentration permanently. Decreasing tolerance to
its half increases the concentration more than 4 times. In the simulated system we
studied, simulations show that the FOV is more than +-1 degree as shown in Figure
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45. This acceptance angle along with a 1000x concentration is not achievable with
basic Fresnel lens and secondary optics combinations. This result demonstrates
the advantage of the presented system in terms of concentration performance
which is comparable with the sophisticated CPV optics such as Fresnel-Koéhler
concentrator. [37]
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Figure 45: Transmission efficiency vs. tilt angle

Concentration

Concentration is mainly a ratio of input and output apertures. The width of the
input aperture is 100 mm and the width of the output aperture is 0.1 mm. The
ratio of two dimension shows that system has a geometric concentration ratio of
1000x.

PV cell geometry

Exit port geometry of the light guide is a long thin strip. The small width of the exit
port can be problematic because of increased assembly tolerances and small width
cell sizes. It is possible to increase the small width of the exit port by putting
several light guides on top of each other [6]. This method can increase the exit port
width. But the dimensional increase will cause the elongation of the light guide too.
Although the light guide utilizing low absorption materials and very smooth
boundaries, too much elongation of the light guide can significantly degrade the
optical transmission because of absorption and scattering losses.

Although 0.1 mm cell dimension required for 1000x concentration is small and it
might bring some manufacturing difficulties, it is achievable with the GaAs based
solar cell technology [38]. Moreover, this small width may be an advantage for
extracting large current densities from the solar cell.
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4.7. Design Variations:

While developing the horizontally staggered light guide concentrator concept,
several design variations are investigated and worth to mention here. It is possible
to apply some variations to the primary optical design for either improving the
manufacturability or system efficiency.

Separate reflecting surfaces

To reach the limits of this light guide CPV design it is necessary to have 45 degree
directing surfaces. This angle does not change the etendue while coupling the light
into the light guide. But available materials has low refracting index and cannot
satisfy the TIR from the directing surfaces with a 45 degree angle. Without a
reflecting coating, it is obligatory to deviate from the 45 degree requirement and
therefore it is not possible to reach the limits of this concentration method. Coating
of directing surfaces with a high reflectivity material is required but coating process
of the directing surfaces is not an easy task. Coating the directing surfaces only
with a very high reflecting material with a cost effective method needed to be
developed. It is possible to stick some reflecting parts to the directing surfaces but
it is also a time consuming and unreliable method.

Here we recommend using separate mirrored surfaces which is staying just behind
the unsatisfactory directing surfaces. As a result, light rays will first reflect by TIR
and some of the light will pass through the directing surface. Rays which escapes
from the directing surface will encounter reflecting second surface and couple into
the waveguide.

Although method is simple, it can eliminate bonding requirement of the reflecting
surfaces. Moreover even a good mirror coating has some absorption loss. In this
configuration, some portion of the light rays will reflect by TIR and only the
remaining portion will be reflected from the mirror. Therefore absorption at the
non-ideal mirror will decrease because not all the light interacts with it. As a result,
the final reflecting efficiency is higher along with easier production.

Spectral splitting with band gap filtering

Light is a combination of different colors as shown in the Table 3. If a single band
gap silicon solar cell is used only, for the violet-blue range approximately 40 % of
the energy can be converted. Rest of the energy will be converted to heat. Similarly
for the yellow-green band 50% and for the red band % 60 of the energy can only
generate electricity. As the energy of the specific color gets closer to the band gap of
the semiconductor, the photovoltaic process gets more efficient.

To increase the conversion efficiency spectral splitting can be used. If different
colors of solar light are converted with suitable band gap solar cell, it is possible to
improve the system level conversion efficiency. This method is being used with
tandem solar cell approach. But available lattice matched solar cell materials and
production methods are problematic.
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Table 3: Light conversion performance of silicon solar cells for different colors

Convertible portion of

Wa‘;il;?gth Er(l:‘;)gy energy with silicon solar cell
(band gap 1.11eV)
min | max max | min
Violet-Blue 400 | 500 3.1 | 2.5 36 -45%
Yellow-Green | 500 | 600 2.5 2.1 45 - 54 %
Red 600 | 740 2.1 | 1.7 54 - 66 %

If light is optically separated from each other, than it is possible to use separate
solar cells without lattice matching constraint. Spectrally splitting of the light to
different color bands and converting energy of different colors with different solar
cells can be a solution. But in this case dichroic filters are necessary.

Incident
Light

Primary —
Concentrator

Through-hole Dichroic Coating
== HiE, Cell
== Mid E, Cell

mm | owE, Cell

Circuit Board

Secondary Concentrator
(Curved Mirror)

Figure 46 : Common-plane spectrum-splitting concentrator unit cell concept: (a) 3-cell
structure (b) multi-cell structure [39]

Dichroic filters are suitable for collimated light and not so good with concentrated
light which has an angular distribution. To eliminate color filter requirement, band
gap filtering method is investigated. Semiconductor materials are generally
transparent to the photons if their energy is less than their band gap material. With
this method, the solar cell itself can perform spectral selection. Different band gap
solar cells will be placed next to each other, so that light rays first hit to the high
band gap solar cell. If the light rays are not absorbed by the solar cell, they will
reflect from the solar cell and then hits to the next solar cell as shown in Figure 47.
With this approach some conversion efficiency increase is expected. But the
production of this system with a cost effective manner should be further
investigated.
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Figure 47: Band gap filtering method in light guide solar concentrators

Light trapping in waveguide

The properties of the solar cells that are used in the concentrator systems are also
investigated. Carrying light trapping property from cell to the light guide and its
benefits has been investigated.

Solar cells have high refractive indexes. Silicon solar cells have a refractive index of
4 on the average. This causes very high reflection from the front surface of the solar
cell. To eliminate this problem, solar cells are using texturing and AR coating on
their front surfaces.

Silicon solar cell efficiency has saturated in recent years, limited primarily by
surface recombination.[40]. Although texturing increases surface recombination, it
is now an industry standard, because efficiency of the cell increases as a result of
more light is going into the solar cell.

Two important problems can arise from texturing. The first is the increasing the
surface area of the solar cell. Bigger surface area can have more recombination
centers. Second, texturing generates surfaces that have higher recombination rates.
Normally silicon wafers have {100} surfaces. Texturing generates pyramidal crystal
surface and this pyramids has {111} surfaces. {111} surface has higher
recombination rates than the {100} surfaces.

To reduce the surface re-combinations, passivation is applied to the solar cells. But
these processes cannot totally eliminate the re-combinations. Moreover stress
induced during oxide growth can also become a recombination source.[41]

Surface texturing and AR coating can be eliminated if light trapping is achieved by
the light guide. It is possible to generate multiple reflections by using a light guide
as done with the texturing. This configuration preserves the effect of light trapping
while eliminates the surface recombination losses from the textured surfaces. Light
trapping with light guide can also recycle the finger losses in the front contact solar
cells. A total increase of conversion efficiency can be expected with this method.

There are two different quantum efficiency measures in solar cells. External
quantum efficiency is a measure of the electrons generated per shining light on the
solar cell while internal quantum efficiency only takes into account the absorbed
light. Because light trapping can recycle unabsorbed light, high internal efficiency
solar cells should be used with light trapping configurations.

Several configurations can be used for light trapping. Light trapping performance
increases with size of the solar cell. In CPV systems bigger solar cells means lower
concentration ratio. Therefore, while increasing the conversion efficiency with light
trapping, economics of the system should also be considered.
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Figure 48: Different cell configurations for light trapping

Turning of light exit regions

In light guide systems, light exit region is at the side of the light guide. This can be
problematic for cooling and supporting of solar cell. Therefore in some cases it is
beneficial to turn the exit region towards the back of the module.

Turning of the module is investigated and shown that without any reflective
coating, it is possible to turn the light downward as shown in Figure 49. This
operation reduce concentration ratio dramatically but it can give simpler module
integration and can be beneficial in some commercial applications.

Figure 49: Turning the light exit region downward

Composite guide material

There is always absorption in the wave guide. This loss may become important if
the length of the waveguide increases. Generally glasses are very brittle while
plastics are not. But plastic materials can soften with temperature increase while
glass materials can stand very high temperatures.
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It will be good if we produce the waveguide from high transparent glasses. But the
glass is hard to form. Therefore a composite structure which is a glass core with a
plastic cover can be considered as shown in Figure 50. Glass core will have a high
transmittance. The plastic region can be easily shaped. Therefore it will give the
chance of combining high transmittance of the glass with easily formable properties
of plastics.

Acrylic

Figure 50: Composite light guide

4.8. Thermal considerations

In traditional point focus CPV applications cooling is a troublemaking issue at high
concentration levels. Sophisticated active and passive coolers are needed to remove
the heat generated by the focused sun light at high concentrations. The proposed
concentrator has an important geometrical advantage for the cooling as shown in
Figure 51. Because the PV cell is spread to a line, heat generation is also spread in
one dimension. Therefore smaller temperature gradients are enough to spread the
heat to the cooling plate. As a result lower temperatures are expected in the line
focus systems than the point focus systems.

Heat dissipation using a passive cooling plate could be easily integrated to the
photovoltaic cell. Moreover, if an active cooling is selected for cooling, a simple
water circulating pipe touching to the back side of the PV cell would be sufficient to
remove the heat accumulated in the cell.

a) Point focus b) Line focus

Figure 51: Schematically representation of; a) point focus system,
b) line focus system
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Passive cooling

To understand the passive heat dissipation behavior and numerically prove the
superior properties of line focus systems, a basic thermal model is developed. An
aluminum sheet is attached to the PV cell which is also the back cover of the
module as shown in Figure 52. This aluminum back cover isolates inside of the
module from outside weather. Although the plate has two sides, one face is looking
inside of the module. The air inside the module has a higher temperature than the
ambient and trapped inside the module. Therefore plate is losing considerable
amount of heat to the ambient air from only the out looking face because only this
face has direct contact with the ambient air. In the steady state response, the air
inside the module has an elevated temperature and the temperature gradient in
between is not significant. Therefore heat transfer between lens and the plate can
be disregarded to simplify the problem. The simplified problem is shown in Figure
53.

20 °C ambient air Front lens- PMMA

Air inside the

module

Heat dissipating

0°C bient ai
2 ambient air Aluminum plate

Figure 52: CPV module with back aluminum sheet and front cover lens

No heat
dissipation

Heat dissipation towards
environment at 20 C°

Figure 53: Simplified heat transfer problem

There are three heat dissipation mechanisms in this setup. Conduction is
responsible from the diffusion of the heat all over the aluminum sheet. The
convection mechanism transfer heat to the ambient air and radiation is sending
heat as an infrared radiation to the cooler surrounding surfaces.

Conduction occurs in solid mediums as a result of vibration of atoms, diffusion of
electrons and phonons. Conductive heat transfer is a result of diffusion and
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internal heat energy flows from high energy density towards the low energy density
regions. The conductive heat transfer rate depends on the steepness of the
temperature gradient within the body and also the material type. In one dimension,
conductive heat transfer can be written as:

a0 _ kAAT 17
At T Ax 17)

Here k is the thermal conductivity, A is the area of heat flow and T is the
temperature and Q is the heat energy. Every material has its own thermal
conductivity (k). Metals in general have very high thermal conductivity and several
thermal conductivity values are shown in Table 4. Copper is a very good thermal
conductor and is used in many heat extraction applications. Although having
superior thermal conductivity, copper can easily oxidize, it is heavy and expensive.
Because of these aluminum is also popular for the heat conduction applications.

Table 4: Thermal conductivities of common materials [42]

Thermal Conductivity

(W.m1.K1)
Copper 401
Gold 318
Aluminum 237
Silver 430
Iron 80
Glass 0.9
Acrylic 0.2

Because the light converted to the heat at the photovoltaic cell, the heat should be
transferred to the heat sink via conductive heat transfer to keep the solar cell
temperature low. When light falls on a solar cell, higher energy photons release
some portion of their energy as heat which is the energy exceeding the band gap of
the semiconductor material. At operating condition, most of the heat is expected to
be generated at the front side of solar cell because higher energy photons are
absorbed there. Therefore for cooling purposes, generated heat has to be
transferred to the back side where the cell is touching to a heat sink. Photovoltaic
cells are crystalline semiconductor materials and these materials generally have
high thermal conductivity values. As a result of having high thermal conductivity
and thin cross section, this heat transfer does not require high temperature
gradients as shown later in this chapter.
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Table 5: Thermal conductivities of common semiconductors

Thermal Conductivity

(W.m1.K1)
Silicon 130
GaAs 55
Germanium 58

When a body is surrounded with a fluid, than convective heat transfer is an
important heat transfer mechanism. CPV modules are surrounded with ambient air
and transfer its heat to the cooler outside air with convective heat transfer. The
convective heat transfer depends on the temperature difference between the body
and the surrounding air. Moreover the type of the fluid, velocity of the fluid and
properties of heat dissipation surface is important and convective heat transfer
coefficient takes into account all these variables. The mathematical representation
of the convective heat transfer is shown below. In the equation, “h” shows the
convective heat transfer coefficient; “A” represent the area of the contact region and
AT is temperature difference between the material and the surrounding fluid.

a0 _ h.A.AT 18
At_ " " ( )

Radiative heat transfer is also important for the heat transfer calculations of CPV
modules. Every object radiates with respect to its temperature. Radiative heat
transfer from one surface to another is equal to the difference of thermal radiation
entering to the surface and the radiation leaving the surface. In an ordinary day sky
has lower temperature than the ambient air and surrounding air has lower
temperature than the module. As a result module loose heat towards the sky and
towards the surrounding. Radiative heat transfer depends on the absolute
temperatures and depends on the properties of surface which is characterized with
the emissivity. Emissivity (¢) shows how closely resemble is the surface to a
blackbody. Radiative heat transfer depends to the 4t power of the absolute
temperature. If the outside temperature is lower than it will radiate more than it
received, as a result cooling will occur.

A
— =¢0.AT* (19)

In the equation “0” is the Stefan-Boltzmann Constant, o = 5.670 10-8 (W/m?2K4%), “&"
is the emissivity of the surface, “A” is area and “T” is the absolute temperature of
the surface.
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Conduction, convection and radiation equations defined above are the main
defining equations of the heat transfer calculations. If we apply these equations into
a real problem, we can encounter complex geometries and non-uniform
temperature gradients throughout the system. Because of this, most of the real
problems do not have simple analytical solutions and numerical finite element
methods are necessary to solve this kind of problems. With these methods, bodies
and surfaces are break into smaller regions and every region is assumed to have
uniform properties. With the help of software codes it is possible to reach high
fidelity results throughout the large and complex structures by applying simple
heat transfer equations. In this thesis heat transfer problems are handled with the
Ansys Wokbench software because of non-uniform temperature gradients on the
cooling plate.

To demonstrate the thermal success of the line focus systems, a thermal simulation
study was performed with the same parameters for line focus and point focus
systems. In the simulations Ansys Workbench software is used. Both systems are
assumed to have a 1000x concentration with a 500W/m?2 portion of the solar
irradiance converted to heat on the photovoltaic surface. In both cases the area of
the PV cell is selected to be 1 cm? for comparison. PV dimension of point focus
system is 10mm x 10mm. The line focus system has a PV dimension of 0.32mm x
31.6cm. Both PV cells are touching to a 2 mm aluminum heat spreading sheet that
has the same area as the collecting lenses (31.6cmx31.6cm). The heat is assumed
to dissipate only from the bottom surface of the aluminum sheet via convection
with a convection coefficient of SW/m?2.C° and via radiative heat transfer with an
emissivity of 1.0 to the ambient with a temperature of 20 °C. The parameters are
summarized in below table.

Table 6: Thermal simulation parameters

Point focus Line focus
Concentration 1000x
PV dimension 10mm x 10mm 0.32mm x 31.6cm
Collecting Lens Area 31.6cmx31.6cm
Heat flux S00W/m2

20 °C ambient temperature
Convective Heat Transfer
Convection coefficient : 5 W/m?2

20 °C ambient temperature

Radiative heat transfer .
Emissivity : 1

Aluminum plate : 31.6cmx31.6cm

1 G0N G e P OT 1160 Heat dissipating from only one face.
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The simulation results are shown in Figure 54. It is shown that heat transfer is
much more superior in the line focus system than a point focus system.

Figure 54: Thermal simulation results of point focus and line focus systems

The maximum temperature for the point focus system is obtained to be 137 °C from
simulations. This value is too high for the solar cell operation and needs additional
cooling means such as heat dissipation fins or active cooling systems. But for the
line focus system, the maximum temperature on the cell is found to be 75 °C. This
value is acceptable for high efficiency cells and therefore does not require any
special cooling mechanisms. Thus, a passive cooling attachment like the one used
in the simulation is sufficient to realize the high concentration light guide
concentrator systems. Also, this maximum temperature is far below the glass
transition temperature of  plastic optics produced from PMMA
(Tg=108°C)[43][Appendix A] and therefore low cost PMMA plastic material can be
used instead of glass as the light guide material.

Simulations are not considering the thickness of the solar cell and heat is directly
generated on the heat sink surface. This assumption is performed because GaAs
solar cells can have a very thin cross-section which can only be a few microns. By
having very small thickness and high thermal conductivity, assuming heat is
directly generated on the heat sink is reasonable.

Silicon solar cells are generally thicker than the GaAs solar cells. For silicon solar
cells, it is easy to understand the effect of the larger solar cell thickness on the
thermal behavior by using heat conduction equation. For example, for silicon solar
cells thermal gradient that require for transferring energy from front side to the
back side of the solar cell can be calculated by the heat conduction equation. In the
calculations it is considered that heat flux on the solar cell is similar to the
simulated case (1000x) and thickness of the solar cell is 250 microns.

AQ AT

= . 20
At Ax (20)

1000 times concentrated light is falling onto the solar cell and SO0W/m?2 portion of
the incoming solar radiation is converted to heat, and then the total heat flux on
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the solar cell is calculated by multiplication of the heat flux density with the area of
the solar cell as follows;

AQ Aq

—_~_-1, — } 2y .
At - At Area = (1000 - 500W/m?*) - Area (21)

Thermal conductivity (k) of silicon solar cell is 130 W/m'K and thickness of the
solar cell is taken to be 250 microns, then;

A A
= A_(tl - Area - Ax _ A_Ctl A _ 5x10° W/m? - 250x107%m

AT
k- Area k 130W/m - K

(22)

AT =0.96 ° K (23)

Result show that, a temperature gradient of approximately 1°K is enough to
transfer the heat across a 250 microns silicon solar cell under 1000x
concentration. If similar thickness value is assumed, this temperature gradient is
approximately 2.3° K for GaAs and Ge solar cells. Therefore ignoring solar cell
thickness does not have a significant effect on the thermal simulation results.
Moreover this additional temperature increase should be considered for both line
focus and point focus systems, and therefore temperature difference between two
cases will be preserved.

Active cooling

Active cooling systems are also very suitable for the line focus systems. A pipe is a
linear cooling element and can easily be attached to the back of the PV cell. Water
circulating in this pipe can carry heat away from the cell and heat can be used for
heating purposes. As a result a PV-T system is easily realizable with the actively
cooled line focus systems.

Water cooled systems are also favorable in the very hot climates. In these places
passively cooled water in night time can reduce the temperature of the PV to even
lower temperatures than the ambient.

Passive cooling systems are relying on the convection from air and convection
coefficient is changing with the orientation of the module which is continuously
changing in a day. Active systems can give more trustable cooling which is
independent of the module orientation. Moreover circulation speed of the cooling
fluid and its type can be adjusted. As a result cooling performance and temperature
of the heated liquid can be intentionally changed.
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CHAPTER 5

REALIZATION OF HORIZONTALLY STAGGERED LIGHT GUIDE
SOLAR CONCENTRATOR

Parts of this chapter have been submitted to Progress in Photovoltaics for publication,
with authors O. Selimoglu, F. Es, O.Demircioglu and R. Turan

5.1. Initial efforts

Initial theoretical studies are shown that horizontal concentrating light guides are
an important opportunity for the concentrating photovoltaic systems. Because no
prototype study is reported before, in this thesis study, we investigated every
available production methods and materials for the realization of horizontally
staggered light guide solar concentrator and measure its effectiveness in real
conditions.

The initial efforts were manufacturing the lenses and light guide from optical glass.
But as a result of several attempts for production, it is understood that light guide
has very sharp corners and not suitable to produce from glasses. When alternative
materials are investigated, plastic materials such as PMMA are found more suitable
to produce the light guide. This material is also used for sharp faceted Fresnel
lenses and this previous use is encouraged us to use it as the light-guide material.
Optical transmission of this material is shown in Figure 55. As shown PMMA has
very good transparency in the visible and near infrared regions.
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Figure 55: Light transmission of 3 mm PMMA from Evonik (PLEXIGLAS® 8N)[44]
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Initially CNC machining considered for the production of light guide from the
PMMA. The produced light guide surface was too rough and light guiding was not
satisfactorily achieved. Then for better surface quality, a simple mold with a hand
polishing is produced. The first partially working light guide is manufactured by
this mold as explained in the next section.

5.2. Conceptual prototype studies (Prototype-1)

For this prototype, a simple optical design is performed. The lenses are selected
from commercial lenses. Aspheric concentrator lenses from Thorlabs are used as
the primary lens array. Lenses were having a 40 mm focal length with a 50 mm
diameter. Circular lenses are shaped to have a rectangular geometry by using water
jet cutting as shown in Figure 56. The length of the smaller side of the lens is
32mm and the longer side is 38mm.

) -

Figure 56: Commercial lenses is cut into rectangular geometry

Light guide is designed without any extra concentration features as shown in
Figure 57. The thickness of the light guide is 3 mm. Distance between two directing
surfaces is 32 mm and directing surfaces has 50 degree inclination. Waveguide has
four horizontal steps and every step has one directing surface. Every directing
surface will be registered to a primary lens.

—

Figure 57: Four step light guide

Optical design of the conceptual prototype is shown below in Figure 58. Every lens
corresponds to different directing surfaces and acceptor regions of the light guide
are sitting at the focal points of the lenses.
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Figure 58: Optical design of conceptual prototype

Because of violation of TIR at the directing surfaces and because directing surfaces
does not have any reflective coating, some of the extreme rays are partially leaking
from the light guide. Light rays confined to the light guide are travelling to the right,
towards the exit of the light guide. Geometric concentration ratio expected was
calculated by dividing lens area to the area of step increase and obtained to be
135X.

Area of lens _ 32mmx 38mm

— = 24
Area of branch increase 3mmx 3 mm (24

C=135X (25)

Efficiency of the optics is expected to be 86% without considering manufacturing
errors and material absorption. Therefore maximum real concentration ratio is
116x for ideal case. When uniformity is investigated via ray tracing, all the light is
found totally uniform across the exit port. A mechanical holder is designed for
holding 4 lenses and light guide together. Light guide is placed at a proper position
below the lenses.
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The prototype is tested under non collimated solar simulator although it is not so
suitable for testing CPV systems. The main result of the prototype was lots of light
is going out of the light guide with a concentration ratio of higher than 15X. Most of
the light was leaking from the walls of the light guide because of surface roughness.
The walls of the light guide were shining because of leaking of light. This prototype
showed that concept is satisfactorily concentrating the light and encouraged the
research team to further generate a better prototype which has better surface
quality and more suitable for serial production. Further studies are investigating
the optical materials, production methods, testing methods and design rules of this
light guide concentrator concept by developing a second prototype.

5.3. Second prototype design- HORCON module

From the success of the initial prototype, the main motivation was to realize a
system with high optical efficiency and cost effective serial production features.
Moreover extra-concentration features should also be added to further show the
benefits of the extra concentration elements. Because of including horizontal light
guide concentrating features, this prototype is named as Hor-con module.

Solar cell selection

To decide the optical parameters, first of all solar cell type should be selected.
Initial efforts were to obtain triple junction and GaAs type solar cells. After
investigating the cost parameters, a medium concentration system with silicon
solar cells become more favorable and easily realizable. Therefore silicon
concentrator solar cells are selected to be used.

Silicon solar cells are easy to acquire with high volumes and has a mature
industry. The efficiency of these cells are generally peak at a concentration level of
30x-50x range with respect to their design. If back contact solar cells will be used
as a receiver, than an efficiency of 25% at a concentration level of 45x is a realistic
value. The back contact silicon solar cells were not available from the market for a
prototype level study. Therefore Laser Grooved Buried Contact solar cells were
selected although they have lower efficiency than the back contact solar cells. With
this selection of solar cell the high module output will not be achieved but optical
system will be fully characterized.

Output geometry of the light guide was planned to be approximately 3 mm wide. To
cover all the area with the solar cell, active area of the solar cell should be bigger
than the exit port of the light guide. Moreover some assembly tolerances will also be
needed. Therefore solar cells are decided to have an active area width of 4 mm.
LGBC solar cells with an active area dimension of 4x121 mm from NAREC
Company is procured. These cells are specifically designed for this concentrator
study and design of metallization to obtain these cells from a complete wafer is
shown in Figure 59.
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Figure 59: Buried Contact Solar Cells are used from NAREC. Their geometry is
specifically designed for this prototype.

Optical design

Optical design is targeted to generate a medium concentration module that using
high quality silicon solar cells as the receiver. Light guide concentrator is developed
with the principles in [45] and schematically shown in Figure 60.

Primary Concentrator

Horizontal Lightguide
Directing
Surface ,\

Exit Port

Figure 60: Solar concentrator that using light guide
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Efficiency of the system is targeted to be 80% which is equivalent to the Fresnel
lens based systems. The loss mechanisms are mainly Fresnel reflections from
boundaries. The boundary reflection loss is approximately 4% from every surface
and therefore by having 3 surfaces, it will cost approximately 12%. The remaining
8% loss budget will compensate for the absorption losses mainly in the light guide
and scattering losses sourced from manufacturing defects.

Primary optics is an aspheric lens array made from PMMA. The lenses have a
square aperture of 16 mm x 16 mm. The front surface of the lens has 15.46mm
radius of curvature. Conic constant of the surface is -1.348 and A4 coefficient is
0.0000272. The back of the lens is flat and the distance between two surfaces is 6
mm. As a result of these parameters, lens can able to focus light to a distance of 28
mm from its back surface and has an effective focal length of 32 mm.

Light guide is designed to collect and concentrate the light that coming from the
primary lens array. Initially the exit port of the light guide is designed to be 3 mm.
But discussions with the manufacturer, CPC geometry of the exit port are changed
to be one side flat and other side with a 2 step angled surface to build a cheaper
and reliable injection mold. By changing the end cutting geometry, the exit port is
updated to be 3.2 mm wide as shown in Figure 61.

4

Figure 61: End cutting geometry

Prototype-1 was having leaks from the directing surfaces. In this prototype,
directing surface angle is increased to 55 degrees to prevent losses from directing
surfaces. Directing surfaces are placed 16 mm away from each other so that every
directing surface is registered with a primary lens.

Light guide is formed from 9 branches. Every branch is collecting light from 9
primary lenses. Light guide has 4 mm thickness. This thickness is constant until
the final concentration region. Final concentration region is thinning the light guide
to achieve an exit port width of 3.2 mm and increases the concentration ratio by
25%.

Side cutting surfaces are also applied in this prototype. Side cutting surfaces are
giving an extra concentration to the traveling beam. The geometry of the side cuts is
calculated by ray tracing. Every branch increase is 3 mm in the light guide.
Without side cut the exit port will be 27 mm wide, but side cutting surfaces reduce
this exit port to 16 mm and increase the concentration by 69%. Design limits were
not intended to reach with this prototype because this is the first time application
of side cutting geometry and achievable manufacturing tolerances were unknown.
The side cutting geometry is shown in Figure 62-a. Side cutting surfaces are 5° and
10.8° tilted surfaces with respect original side surface.
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Overlapping without
e 4 side cut

Figure 62: (a) Side cutting surfaces. (b) Relative placement of two branches without
overlapping.

The resultant optical design is shown in Figure 63. The legs were designed for
alignment and supporting purposes but excluded at the production stage for the
sake of optical quality.

Figure 63: Hor-con optics

Design for manufacturability

Manufacturability is an important concern if it is necessary to realize the
theoretical work. To get a manufacturable design we added 3 degree draft angles to
the every vertical side of the mold to make it suitable for the injection molding. This
change is simulated and verified that this modification is not causing a significant
light loss. This angle makes it easy to remove the part from the mold, prevents
mechanical stresses and increases the mold life time.
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Support structure and mounting pins are added to the light guide structure. The
place of the support structure is chosen such that from that region no light reflects
internally and so the transmission efficiency of light guide is not affected.

The material injection region is very important for the injection molds. Injection
region is important for the successful production and its place on the product
should be analyzed with the mold flow simulations. In a light guide structure this
plastic injection region can have a very destructive effect on the light transmission.
Injection regions generally result deformed and highly rough surfaces. Therefore
injection regions should be designed such that light does not interact with that
region.

For the Hor-con light guide the only region for the material injection is the exit port
of the light guide. This region will be attached to the PV with an adhesive and
surface defects will be absorbed by the adhesive region. As a result the injection
region will not have any effect on the final assembled module.

Module design

Geometric concentration ratio and the module thickness are obtained as a result of
optical design of the module. The primary goal of this design is the realization of the
concentrator. With a further design study it is possible to push the geometric
concentration ratio to even higher levels while keeping other values constant. Hor-
con solar module has the following design parameters as shown in the Table 7.

Table 7: HOR-CON Design Specifications

Acceptance angle +- 2 degree

Geometric concentration 45x

Optical efficiency %80

Absolute concentration ratio 30.6 x (With respect to 1000W /m?)
Module thickness 4 cm

Module efficiency %13.6 (with 17% cell efficiency

under concentration)

Output power 115.6 W/m? ( under 850 W/m? direct
radiation)

Concentrator systems mainly use direct component of the solar irradiation.
850W/m?2 direct solar irradiation is assumed for module power estimations.

The power output of the module is estimated to be 116 W/m?2. It is calculated by
multiplication of incident solar power with the optical efficiency and PV cell
conversion efficiency as shown in Figure 64. The targeted optical efficiency can
further be improved by accurate mold production and applying antireflection
coatings.
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Figure 64: Power calculation of the solar concentrator module.
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Mechanical design of Module

To hold the lens and the light guide in a proper position a test mechanics is needed.
For the alignment of lens array and the light guide a rigid mechanical structure is
designed as shown in the Figure 65. This mechanical structure will be produced
from aluminum and it will also be used for heat dissipation purposes.

Figure 65: Test mechanics

Light guide and photovoltaic cell will be attached to each other by using a
transparent adhesive. At the working condition the cell will be heated up as a result
of high level (45x) of solar irradiation. Therefore a copper cooling rod will be bonded
to the back side of the cell with epoxy adhesive and down side of the copper rod will
bonded to the bottom aluminum plate to transfer the heat. All the parts will be
assembled to generate the prototype as shown in Figure 66.
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Figure 66: Hor-con test module- Prototype-2

5.4. Optical manufacturing

We have produced a prototype of the Hor-con-45X solar concentrator to verify the
manufacturability of the concept. PMMA is used for both lens array and the light

guide.

PMMA materials are available from several manufacturers on the market. Although
there are many materials, pure PMMA is not easily accessible. PMMA types
generally have several chemical additives mixed into it. These additives are used to
change the flow rate, improve UV resistance and change the glass transition
temperature of the PMMA resin. Most of the used chemicals destroy the light
transmission property of the PMMA while improving some other properties of the
material.

Lens array is open to the atmosphere and therefore UV resistant PMMA should be
used for its manufacturing. Light transmission property is important for getting
high optical efficiency. For the material selection, light transmission property of the
materials should be checked especially at the blue and infrared region of the
spectrum. Mold manufacturer should agree with the flow rates which is important
for the mold design. PMMA material from Evonik with a name of 8N is used for the
manufacturing of the lens array.

For the light guide material much more attention is needed. Because light path is
longer in this material, light guide material should have very high purity for better
transmission. High transmission generally prevents using UV resistance additives.
In general spec-sheets from the suppliers are not good enough to understand the
behavior of the material. The best thing for the measurement is long light
transmission property of the material. Very thick samples such as 100 mm
thickness should be used for the optical transmission tests. For the manufacturing
of light guide high purity light guide grade PMMA from Evonik is used with a name
of POQ66.

For the production low cost injection molding method is used. Runner and ejector
pin designs are performed as shown in the Figure 67. Runner is the guide of molten
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plastic to the mold cavity. Ejector pins are used for separating optical components

from the mold. Both runner and ejector pins are important for the success of
production.

Figure 67: Primary lens array and light guide as they come out of the mold. Ejector
pins used for de-molding the light guide is also illustrated (red parts)

The mold used for the production is shown in Figure 68. As seen from the picture
both of the optical components are produced in the same mold for cost

effectiveness. The left side cavity is the primary lens and the right one is for the
light-guide.

Figure 68: Mold for production
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5.5. Quality checks

Initial quality checks are shown that there is waviness on the light guide, which will
cause some deviation from the design performance. Surface qualities at side
surfaces are not good as shown in Figure 69 and this is also validated by the tests
under solar simulator. The most of the light loss was expected from side walls as a
result of these quality controls.

Figure 69: Side surfaces of the light guide. Polishing marks and rough surfaces are
shown.

Quality check under the solar simulator is done also to understand the optical
behavior of the produced components and determine the defected regions. Solar
simulator in GUNAM is used for the optical quality checks. The collimation of the
source is not good and therefore instead of a small spot at the focal point, a larger
spot is obtained at the focus of primary lens array. Lamps of the simulator can be
seen from the image produced by the primary lens array as shown in Figure 70.

Figure 70: Lens array under the solar simulator.
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Figure 71: All the optical system is tested under solar simulator. Escaping light
indicates the defected regions.

All the optical system is tested under solar simulator as shown in Figure 71. The
most of the light loss occur from the side surfaces of the light guide. Light escaping
regions are easily detectable because those regions are illuminated by the escaping
light as shown in Figure 72.

To eject the produced optical components from the injection mold, several ejector
pins were used. These ejector pins are pushing against the optical surfaces and
damages these surfaces. The circular light loss regions seen at the down side of the
light guide are from the ejector pins. The mold used for production is a simple and
low cost mold. It is possible to remove these ejector pin marks at the serial
production mold.

Side
surfaces

footprints inclined directing

surfaces

Figure 72: Light escaping regions

As a result of under solar simulator quality checks, mold cavity polishing is
repeated 4 times and surface qualities were improved. Because of limitations of
hand polishing, side walls and narrow regions cannot be polished well.
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5.6. Assembly

Assembly is an important step for the success of the prototype. Suitable materials
should be used for combining parts and good alignment is necessary. At the
integration stage several problems are occurred and solutions are developed. The
experience gained is worth to note here for further studies. Integration procedure is
explained in detail. Work is divided into steps for accurate prototype manufacturing
and repeatability.

Step 1:

Integration start with the quality checks of optics. It is important that there are no
defects or impurities in and on the optics. Because this is a prototype
manufacturing, production quantity is not much. Generally small chips of
materials could exist from the previous running of the injection molding machine.
Although great attention is given for the cleanness and several idle runs are
performed to clean the machine, sometimes impurity problems can occur. Therefore
optics should be checked to be free of any impurities.

While holding the acrylic optics it is important to use clean gloves. Oil from the
human skin can permanently damage the surfaces of the optics.

Step 2:

Optical components are manufactured together with ejector and material injection
regions. These extra regions should be removed by tooling. The best method for
removing these parts is using grinding tools. These tools can remove the
unnecessary parts accurately while keeping flat surfaces. After this machining
operation dust accumulated on the optics are removed by washing them with the
purified water and dried by the filtered pressurized air.

Step 3:

Solar cells are prepared at this step. Busbars of the solar cells are too thin and
does not have ability to carry high currents because of high resistance. In fact this
busbars are combination of very thin finger geometries produced by electroplating
as shown in Figure 73. Closely placed fingers are building the busbars.

Figure 73: Busbar of the LGBC cell from NAREC

To reduce the grid resistance of the solar cell to carry high current levels, tabbing
wires have to be soldered to the busbars. Because of unmatched coefficient of
thermal expansion between silicon and copper, the cell with wire is curved like the
bimetal strips when cooled after the soldering process. This curvature prevents
integration to the optics and increases the fracture rate of the solar cell. For the
prototype work soldering of the tabbing wire is abandoned and busbars of the cells
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are coated with thick solder layer. After that two wires are connected to the front
and back contacts of the cell to carry the generated current to the measurement
device.

The wires are needed further attention to keep the series resistance low. Because
high current densities are generated, thin wires can prevent current flow and
prevent power delivery from the device. After the soldering processes short checks
and resistance measurements are performed between two soldered wire to control
the correctness of the soldering process and misconnections. Furthermore, solar
cells are checked under the solar simulator and their 1 sun performance results are
noted.

Step 4:

Cooling rod is attached to the solar cell with an epoxy adhesive. Epoxy region
should be kept thin to promote heat transfer by reducing the thermal resistance.

Step 5:

The most important step is the combining light guide and solar cell. Transparent
UV cured adhesive is used at this stage. Both of the parts are covered with a thin
layer of adhesive. Parts are aligned and kept in contact position mechanically. After
being sure light guide and solar cell is aligned properly, adhesive is cured with a UV
torch. It is possible to use UV cured adhesives in this step because light guide is
transparent to the UV light.

We used several different kinds of adhesive types to reach the correct assembly
method. Initially cyanoacrylate based transparent adhesives are used for combining
light guide and the solar cell. But this solvent based adhesive shrinks when it dries
and voids occur in the adhesive layer. If the adhesive layer is so thin, this effect
may not be significant but in this prototype adhesive should fill the space generated
by the front fingers of the solar cell. Therefore with solvent based cyanoacrylate
adhesives good coupling surfaces were not achieved.

Transparent silicone and EVA sheets also evaluated but their sticking on the PMMA
material is not adequate. Although some recent studies are exist to use special EVA
sheets for the PMMA glasses, these EVA types were not accessible through market
at the time of study.

UV cure acrylic based adhesives found to be the most suitable materials for
combining light guide and the PV in Hor-con module. These adhesives have a very
good purity and gives opportunity to the alignment of the components. After being
certain that everything is in place and aligned, a small UV light can cure the
adhesive with a very small shrinkage.

NOA-61 adhesive from Norland is used in the final prototype. This adhesive has a
refractive index of 1.56 on the average and has a very high light transmission.
Transmission graph of the NOA61 is shown in Figure 74.
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Figure 74: Transmission of NOA 61 adhesive from Norland Products[46]

Step 6:

Finally lens array and light guide assembly is combined with the mechanical
structure and aligned. In most of the cases accuracy of the mechanical structure is
enough. Alignment can easily be checked under collimated light or under real sun
light. Focused light from the primary optics should be matched with directing
surfaces of the light guide. Any misalignment is easily detectable with the human
eye.

5.7. Testing

Buried contact solar cells have been shown to work with efficiencies greater than
20 % under concentrated light [47]. Optical design in this prototype requires long
and narrow cells. As a result of the geometry of the cell, the recombination edge is
longer in comparison to active area [48] and un-illuminated area is high because of
the busbar. As a result, a little lower efficiency is expected with respect to the
square cell geometries.

In this study, the main target is demonstrating the performance of the optical
concentrator. Detailed characterization of the cell under concentrated light is not
performed because the cell used in this prototype will be replaced by back contact
solar cells in the next step. For several measurements under one sun illumination,
an average of %80 FF is measured for the LGBC solar cells and this 80% FF is
assumed to be stay constant under higher illumination levels, which is acceptable
in the literature.[49]

For the measurement of optical performance of the solar concentrator, a cell is
characterized under the solar simulator and a SCC: 32.9 mA/cm?2, VOC: 550 mV
and a FF: 80% is obtained. As a result 14.48% efficiency is achieved under one sun
condition as shown in Figure 75.
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Figure 75: I'V measurement of test cell

SCC will increase proportionally with the illumination level and will be used for the
performance measurement of the solar concentrator. Efficiency of the cell will
increase with the concentration as a result of increase in the VOC under higher
illumination condition. The fill factor of the solar cell is assumed to be constant
with the increasing concentration level in the further system efficiency calculations.
In fact, a few percent improvements can be expected in the fill factor up to a certain
concentration level in some designs [49] with proper solar cell optimization.

Most of the measurements are carried on under real Ankara sun. Because of the
changing outdoor conditions, solar flux is also measured with a sun photometer.
SCC and VOC of the cell are measured during the tests with multi-meter setup.
SCC is used to determine the illumination level on the cell as it is the main
indicator of the photon flux. VOC is also affected by the illumination, but it is
mainly used to understand the efficiency increase of the cell. VOC also used to
estimate the temperature of the cell and monitoring it can prevent occurrence of
thermal damage to the system at the initial test phases.

After characterization is performed under the solar simulator, solar cells bonded to
the light guides with a transparent adhesive. The tests under the sun have given
following results shown in Table 8 for three different integrated prototypes. First
integrated prototype was not satisfactory enough. Solar cell alignment was not well
established and there were bubbles inside the adhesive layer which affected the
optical transmission. Moreover contamination was a problem for the first prototype

and next prototypes were developed with the experience gained from the first
prototype.

77



Figure 76: Assemble of optics and test mechanics.

Table 8: Three different integrated prototype measurements under sun

Test date: 1. 2. 3.

30 September 2012 Integration Integration Integration

Short Circuit Current 2940 mA 906 mA 1620 mA

Open Circuit Voltage 645 mV 655 mV 650 mV

Area of the cell £k 1221 S50 232 3.2 X 57.5 mm?
mm mm

Short Circuit Current | 54 /02 | 885 mA/cm? 880mA/cm?

Density

SCC under 100.0W/m2 33.1 mA/cm? 32.9 mA/cm? 32.9 mA/cm?

(no concentration)

Direct Solar 5 5 5

Irradiation at the test 800 W/m 820 W/m 800 W/m

time

Optical Efficiency %64 %73 %74.3
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The best test results are shown in the Table 9. When the cell is attached to the light
guide concentrator, the short circuit current density was increased from
32.9mA/cm? to a value of 880mA/cm?2. For the short circuit current density
calculations active area is taken similar to the illuminated area by the optics which
has a width of 3.2mm. Length of the active area is the same as the length of the
solar cell. By considering the 800W/m?2 direct solar irradiation, the optical
efficiency estimated to be %74. This result is lower than the targeted %80 optical
efficiency but acceptable because of several identified defects on the light guide.

Table 9: Measurements under one sun and under concentration (best results)

Test date: Characterization Measurement with the
30 September 2012 under 1000W/m2 | concentrator optics
Short. Circuit Current 32.9mA/cm? 880mA /cm?
Density
Reference Solar 800 W/m? (direct)
. . 2
Irradiation 1000 W/m 940 W/m?2 (total)
Geometric Concentration | 1x 45x%
Open Circuit Voltage 550 mV 650 mV
Fill Factor %80 %80
Efficiency of the cell %14.5 %17.1

Under concentrated light VOC increased to 650 mV for the initial seconds of light
exposure. This is an improvement of %18 with respect to 1 sun characterization.
Therefore efficiency of the cell becomes %17.1 under this concentration level with
the assumption of FF is 80%.

With this measured optical efficiency and the attached LGBC cells it is possible to
achieve a solar panel with a 107 W/m?2 output as shown in the Figure 77.

SOLAR OPTICAL CELL
RADIATION EFFICIENCY EFFICIENCY

N G G
NS Y

Figure 77: Power calculation of the prototype module.
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To figure out the problems, we measured the optical efficiency from different
portions of the light guide. A mask is used to prevent reaching of the light to the
light guide. Mask is positioned just above the light guide and light is closed step by
step from every lens. The optical transmission test results are shown schematically
in the Figure 78.

55% 73% 76% 86%

Ao [ = bz

Average optical efficiency = 74% < 80% (design)

Figure 78: Optical transmission values for different portions of concentrator.

Light coming further away from the cell has to pass longer paths to reach the solar
cell. Therefore comparing different light paths gives information about the optical
performance of the light guide.
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Figure 79: Transmission values for the light rays entering the light-guide from
different distances.

By investigating the graph shown in Figure 79, it can be concluded that light
coming further away from the cell experiences higher loss. The closest portion has
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smaller optical path and light only hits to the angled directing surfaces. Therefore
scattering and absorption losses are small. An optical efficiency of %86 is measured
in this portion. It is close to the theoretical maximum of 88% and losses should be
sourced from mainly the scattering losses at the surface of the lens and at the
angled injection element. If we go further away from the PV cell, the losses become
significant and efficiency drops to 55%. By looking to graph, the losses increase
with the length of the light guide monotonically but at the last two portions the
losses further increases. This was an expected result because mold couldn’t be
polished well in the last two step of the light guide. This is a result of hand
polishing used for mold manufacturing. If we extract these two defected portions,
the main change will be the geometric concentration ratio, which will become 35x.
By recalculating the optical efficiency, we can reach %78, which is very close to our
targeted 80% optical efficiency.

If we cancel defected first two narrow regions:
Geometric concentration ratio: 45x - 35x

Average optical efficiency = 78% < 80% — nearly acceptable

Thermal behaviour of the Hor-con module is also inspected at the testing studies.
The module is heated 15 degrees beyond ambient temperature in first minute and
than temperature difference from the ambient gradually increase to 30 degrees in
ten minutues. This result is for the best module integration. The values increase if
the adhesive layer between the solar cell and copper rod is thicker or has some
voids.

The temperature flactuations occured when wind speed increased. The effects of the
unstable outdoor conditions were occilating the open circuit voltage as a result of
temperature variations.

This module has a very thick back plate with 5 mm thickness and larger and
commercial modules can not use such a massive cooling plate. Moreover this
module is an open sided module and heated air inside the module easily leave the
module and reduce the panel temperature. Finally, a small module and larger
module will have totaly different heat transfer behaviour because convection heat
trasfer coeffient is depending on the area of the module. Therefore thermal
measurements are specific to this small sized prototype and larger modules will
have different thermal behaviour.

5.8. Future Work

This prototype results show that, the Hor-con concentrator optics can be realized
with proper mold manufacturing. Mold used in this study has some defects and
can be further improved to increase the optical performance of the system. By
manufacturing a new mold an optical efficiency greater than 80% can easily be
achieved.
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To get a better module power output, better efficiency cells are also needed. In this
prototype work LGBC cells with 17.1% efficiency under concentration are used and
in the future work back contact solar cells are the closest candidate to replace
these cells. Back contact cells can easily reach more than 25% efficiency under
concentrated light. Therefore with 80% optical efficiency and 25% cell efficiency, a
module efficiency of higher than 20% can be achieved. This efficiency corresponds
to more than 170W/m?2 module power output.

5.9. Environmental considerations

When a land covered with the solar modules, light reaching to the ground is
prevented. Without light, vegetation cannot grow and the land cannot be used for
farming. The situation is not that dramatic for the systems that using trackers.
Systems that using trackers are elevated from the ground and their shadows are
not continuous. This property gives opportunity to establish solar farms on
ordinary farms.

Moreover it is possible to generate a system with partially transparent properties.
CPV systems are only using direct and close to direct portion of the solar radiation.
Therefore the diffuse part of the radiation can pass to the back side of the module
and illuminate back side land. This is possible if the heat transfer plate does not
cover all the back of the module.

Module recycling is also an important aspect of the solar modules. Hor-con systems
are produced from plastics, aluminum, silicon crystal and steel. Nearly all the
module and tracker system are recyclable. In this module type, plastic materials
have high purity therefore can be recycled by low cost processes.
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CHAPTER 6

COST ANALYSES

Solar energy research is mostly a cost driven research area. The projects and ideas
focuses to increase the efficiency and decrease the material consumption, so to
reach less $/W module price.

Flat solar panels can use all the irradiation without directional selectivity, while
CPV panels can only use direct solar irradiation. Moreover CPV systems have to use
solar trackers while flat panel systems can be fixed. Therefore their cost analyses
are using different parameters. But at the end, cost of the CPV systems can be
compared with the flat panel systems.

cost solar cell + optics + mechanics + sun tracker + inverter + other costs

energy solar radiation x efficiency

Concentration decreases the amount of cell requirement while adding other cost
items such as optics and trackers. Therefore to reach a lower cost/energy ratio
($/kWh), a complete cost analyses should be performed and design decisions
should be made accordingly.

6.1. Cost analyses of the light guide CPV module

Cost analyses of the system are shown here and assumed that solar panels will be
manufactured in large amounts. With this assumption, injection mold is assumed
to be used all its life time and high efficiency cells are available and produced
specifically for this module manufacturing. Price of the module will be calculated
with a $/m?2 so that other cost parameters can easily be added to get a system level
cost afterwards.

Optical material cost

Inside the module two different optical materials are used. One is the transparent
UV resistant PMMA for the primary lens array and the second one is high
transmission optical grade PMMA.

The amount of material consumption values are taken from the medium
concentration solar concentrator module development, Hor-con module. The solar
concentrator in this system has 144x144 mm?2 area coverage. We assume that
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bigger solar panels will have similar characteristics with the smaller ones and the
module area cost will be calculated by the projection of values obtained from
smaller modules.

Hor-con sub-module is using a lens array which is an arrangement of 81 small
lenses. This lens array has a weight of 118 grams and produced from UV resistant
PMMA plastic. Weight of light guide is 62 grams and produced from optical grade
PMMA. Summing two values, 180 grams of optical material is needed per sub-
module. Prices of the materials are obtained from Evonik for large amounts. The
material cost is calculated as shown in Table 10.

Table 10: Material Cost Estimation

Material Area (WxL) | Mass | Mass/area A Price | Price
(mm?) (kg) (kg/m2) | ($/kg) ($/m?)
UV resistant | W: 144mm
Lens array PMMA L: 144mm 0.118 5.69 2.85 16.22
Light guide |OPtcal Grade| W:l44mm [ 00 | 5 g9 325 | 9.72

PMMA L: 144mm

Price of mold

For the production of the optics two molds, one for lens array and one for light
guide are necessary. Generally injection mold systems are produced for 1 million
cycles. Professional molds are expensive systems, but for high production amounts
the cost becomes unimportant. For ordinary injection molding machines a 0.5 m x
0.5 m size is feasible at one cycle. Therefore it is assumed that 250000 m?2 panel
area will be manufactured with these molds.

Table 11: Injection mold cost estimation

Mold price for lens array 100000%
Mold price for light guide 100000%
Area of module produced per cycle | 0.5m x 0.5m

Life time of mold 1.000.000 cycle/mold

Cycles needed for 1 m2 production | 4

Mold price /m?2 0.8%

Cost of injection molding

Injection molding machines can be rented for daily bases from the industry with fix
prices, including energy and maintenance costs. The nominal price for the daily
usage of one machine is 200 $ per day. Amount of production depends on the cycle
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duration. If a faster mold is used, more optics will be produced per day with a fix
price. Cycle duration is given to be 1 minute for the calculations.[S0]

Table 12: Injection molding cost

Price of injection molding machines 200 $/day *2 machines

(two machine) = 400% /day

Number of hours per day 8 hours

Number of cycles per day 8x60 = 480 cycles

Daily production (4 cycle>1 m?) 120 m?

Price per m?2 3.33 $/m2 (400% / 120m?)

Solar cell cost

In 2012 production cost of the solar modules is dropped to 0.5-0.6 $ /W range.
High quality back contact solar modules from Sunpower has similar trend and their
price is less than 1$/W. Therefore we can estimate high quality silicon solar cell
price of 1 $/W including dicing costs. High quality panels have 20% efficiency
under 1000W/m? standard test conditions. Therefore 1 m?2 area solar cell can be
purchased from 200$.

Hor-con solar concentrator sub-module has a width of 144 mm and a cell width of
4 mm. Therefore with respect to cell dimensions 36x concentrations is achieved.
Therefore 1 m? solar panel can power 36 m2 Hor-con panels.

Table 13: Solar cell cost

Back contact solar cell price 200 $/m?2
Dimensional concentration 36 X
Cost of solar cell per panel area 5.56 $/m?2

Mechanical parts

Back side of the module will be aluminum. This part will be used as a heat
dissipation surface and back cover. Aluminum sheet will have a thickness of 1 mm.

Table 14: Back sheet cost

Price of Aluminum 3$/kg
Weight per m2 (1 mm aluminum sheet) 2.7 kg

Cost of back sheet 8.1 $/m?2
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There will be also stiffness elements and electrical connections. 10 $/m?2 for
stiffness elements and 10$/m2 for the electrical connections are estimated.
Adhesives are used for connecting parts. A cost of 5 $/m?2 is estimated. Finally
labor will assembly everything and 10$/m?2 is estimated for the labor.

Table 15: Other cost items

Stiffness Elements 10 $/m?
Electrical Connections 10 $/m?
Labor 10 $/m?2
Adhesives 5 $/m?

Cost of panel

By adding all the cost parameters, total cost of the panel is found to be 78.73 $/m?2.
This panel can produce 170 W/ m? with proper mold production and high efficiency
cell utilization.

Table 16: Cost estimation of solar panel

Price Share in the cost

($/m?) (%)
Lens array 16.22 21%
Light guide 9.72 12%
Mold 0.80 1%
Injection 3.33 4%
Cell 5.56 7%
Back Sheet 8.10 10%
Stiffness 10.00 13%
Electrical 10.00 13%
connections
Adhesives 5.00 6%
Labor 10.00 13%
TOTAL 78.73 100%

86



Price per Watt

Price per watt is estimated by dividing panel cost to the power output of the
module. This calculation gives a cost estimation of 0.46 $/Watt. This value can
further be reduced by using thinner front lens, higher efficiency solar cells and
utilizing antireflection coatings on the optical surfaces.

Table 17: Price per Watt estimation of solar panel

Price of Module (1 m2)  78.73 $
Power output 170 W

$ /W 0.46 $ /W

6.2. Energy price calculations

Tracking

Tracking increases the available radiation per day and a relatively constant output
through the day can be achieved. CPV systems have to work with trackers. Without
a tracker, optics cannot concentrate the light. Tracker cost of 100$/m?2 is
achievable for medium concentration systems.

Inverter prices

Inverters are necessary to connect the electricity to grid. Inverter prices are
approximately 0.25 $/Watt. Therefore, with a 170 W power generation per square
meter, inverters will cost 42.5 $/m?.

Energy generation

For the calculation of yearly energy generation of CPV systems, DNI values are
used. As an average value, 2000 kWh/(m?2.year) is used for calculations. Panel
efficiency is 20% and therefore 400 kWh/(m?2.year) energy production is achievable
from one meter square panel.

Cost of electricity

Cost of electricity for solar systems is 13.3 cents per kWh in Turkey and for the
calculations this value will be used. 10 year investment return period is estimated
for $/kWh calculations. Land cost, labor cost for installation and maintenance are
pretty unknown and not included in the calculations.

With this price analyses, 4.16 year investment return time and 5.53 cents/kWh
electricity production cost is estimated. These values show that solar energy prices
are competitive with the other energy production methods and grid parity is
achieved.
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Table 18: Energy price estimation

Panel cost(1 m?2) 78.73 $
Tracker Cost (1 m?2) 100 $
Inverter cost (170 W) 42.5 $
TOTAL COST 221.23 $

Price of Electricity produced | 53.20 $/year
(400kWh/m?2)

Return of investment 4.16 year

Price of electricity (10 year pay back) | 5.53 cents(9$)
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CHAPTER 7

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

Almost 85% of the total energy need of the world is supplied by burning fossil fuels
which have limited resources. Climate scientists are warning the world community
for catastrophic climate effects of fossil fuel burning due to the excessive amount of
CO, emission into the atmosphere. It is our responsibility to replace the
environmentally dangerous fossil fuels with more clean and renewable resources.
As a clean, abundant and reachable energy resource, solar energy is the most
promising candidate as the primary energy source of human kind in the future.

In this work we have studied one of the photovoltaic solar energy conversion
systems with the aim of reducing the cost of electricity while keeping the efficiency
high. Chapter-1 introduces the solar energy as an important renewable energy
source and its indispensable nature for the future of the humanity. Cost problem of
flat plate solar systems and CPV concept as a solution to this problem is discussed.
A short summary of the efforts in the thesis to develop a solar concentrator is also
given in this chapter.

In Chapter-2 an overview of the CPV systems are given. High concentration,
medium concentration and low concentration systems are explained. A summary of
the main optical concentrator architectures are presented to comparatively explain
the efforts in the world in CPV systems. Moreover problems of the CPV systems are
determined to guide the studies in direction of the solutions to overcome these
problems. Photovoltaic cells are explained and important parameters of the solar
cells for CPV systems are emphasized.

Optical concentrator design is the main focus of this thesis study. In Chapter-3
optical techniques and important concepts for the design of concentrators are
explained. Main performance parameters such as CAP, concentration ratio and
acceptance angle are defined here. Moreover physics behind the light guides are
explained. Spectral and spatial distribution of sunlight is given here.

In Chapter-4 horizontally staggered light guide solar concentrator concept is
explained in detail. Design methods and parts of the concentrator are explained. A
high concentration system is designed and simulated with 1000x concentrator
geometry. In this simulation study side-cut and end-cut geometries are successfully
employed and results go beyond the expectations in the literature by achieving
1000x concentration ratio, more than +- 1 degree acceptance angle and an optical
efficiency of 96.5%. In the theoretical studies, several design variations are
developed. These variations can generate the future research paths and can also
ease the production of the optical concentrator.
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One of the important problems of the classical CPV systems is overheating. The
concentrator system studied in this thesis has a line focus type exit port. This
geometry has advantage with respect to the heat transfer. Thermal simulations are
performed to prove the superior properties of the line focus systems over point
focus systems.

In Chapter-5 realization of the light guide solar concentrator is explained in detail.
Initially a conceptual prototype is designed and it is shown that the theoretical
design is functioning well and can be realized with real materials.

After conceptually showing that concentration method is functioning well, a
medium concentration system is targeted with this concentrator architecture.
Optical design is performed with real materials and also by considering real
manufacturing methods. Design is modified several times to improve
manufacturability and simulations are repeatedly performed to validate the design
changes. This design is manufactured by low cost injection molding technique and
mold surfaces are polished several times to reach a good surface quality.

Specially designed solar cells are used to test the efficiency of the prototype optics.
Solar cell is combined with the light guide with a highly transparent optical
adhesive. A cooling rod is attached at the back of the solar cell and all the
components are aligned with a specially designed mechanical structure which also
serves as a cooling element. A telescope mount is used as a sun tracker at the tests
and current-voltage values under the sun are recorded with a multi-meter setup.

Test results confirm an optical efficiency of 74% while the target was %80. By
investigating the optical transmission with respect to the length of the light guide,
86% optical efficiency is measured for the smallest light path while 55% efficiency
is measured for the longest path. Except from the Fresnel losses and the absorption
losses, all the unexpected losses are sourced from the insufficient surface quality of
the mold. By manufacturing a new mold, it is possible to achieve higher
transmission efficiencies.

A supplementary benefit of the realization of the solar concentrator is that
manufacturing methods and their costs are investigated in real manufacturing
environment. In Chapter-6 cost analyses of the solar concentrator is performed in
detail and cost of the CPV module based on this concentrator optics is estimated.

This prototype study is used very low cost methods for the production of injection
mold. Injection mold surfaces, especially side surfaces, could not be polished well
because of the limitation of hand polishing. One of the further studies can be
performed to improve the optical efficiency by producing a new injection mold with
a better surface quality.

In this prototype LGBC cell are used and their efficiency is not sufficiently high. A
second improvement can be using back contact solar cells as the receiver. This can
improve the panel efficiency dramatically.

Finally to improve the optical efficiency anti-reflection surface treatments can be
used. These treatments such as AR coatings or submicron surface textures can
reduce the Fresnel reflection losses and optical efficiencies exceeding 90% is
achievable.
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APPENDIX-A

OPTICAL GRADE PMMA

Product Information

Data sheet of optical grade PMMA (PLEXIGLAS® Optical POQ66) from Evonik
Corporation is given here.

pLEXIGLAS YD

PLEXIGLAS® Optical POQ66

Product Profile:

PLEXIGLAS® Optical POQ66 is an amorphous
thermoplastic molding compound based on
polymethylmethacrylate (PMMA).

In addition to the familiar properties of
PLEXIGLAS® molding compounds, such as

- excellent light transmission and brilliance,
+ very good weather resistance,

- high mechanical strength, surface hardness
and mar resistance,

PLEXIGLAS® Optical POQ66 is distinguished by its

- guaranteed purity and clarity,

+ high luminous efficiency in medium to long
light paths,

- ahsolute colorlessness even in thick layers.

Application:
PLEXIGLAS® Optical POQ66 is suitable for

manufacturing extruded sheets to meet
stringent optical requirements.
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Examples:

Small to medium-sized injection-molded or
injection compression-molded lightguide panels
for display applications, lightguides.

Processing:

PLEXIGLAS® Optical POQ66 can be processed on
extruders with conventional three-section
screws for engineering themoplastics.

For manufacturing extruded lightguide panels, it
is advisable to maintain processing temperatures
at the lower end of the scale.

Physical Form / Packaging:
PLEXIGLAS® Optical POQ66 is supplied as pellets

of uniform size in hig-bags; other packaging on
request.



Properties:

Parameter Unit Standard PLEXIGLAS® Optical
POQ66

Mechanical Properties
Tensile Modulus 1 mm/min MPa IS0 527 3200
Stress @ Break 5 mm/min MPa IS0 527 69
Strain @ Break 5 mm/min % I1SO 527 4
Charpy Impact Strength 23°C kJ/m? IS0 179/7eU 20
Thermal Properties
Vicat Softening Temperature B /50 °C IS0 306 104
Glass Transition Temperature °C IEC 10006 108
Coeff. of Linear Therm. Expansion 0-50C E-5 /°K ISO 11359 8
Fire Rating DIN 4102 B2
Rheological Properties
Melt Volume Rate, MVR 230°C / 3.8kg cm3/10min ISO 1133 2.9
Optical Properties d=3 mm
Luminous transmittance D65 % I1SO 13468-2 92
Refractive Index ISO 489 1.49
Other Properties
Density g/cm? ISO 1183 1.19
Recommended Processing Conditions
Predrying Temperature °C max. 94
Predrying Time in Desiccant-Type Drier h 2-3
Melt Temperature °C 220 - 260
Die Temperature (Extrusion) °C 220 - 260

All listed technical data are typical values intended for your guidance. They are given without obligation and do not
constitute a materials specification.

This information and all further technical advice is based on our present knowledge and experience. However, it implies no liability or other
legal responsibility on our part, including with regard to existing third party intellectual property rights, especially patent rights. In particular,
no warranty, whether express or implied, or guarantee of product properties in the legal sense is intended or implied. We reserve the right to
make any changes according to technological progress or further developments. The customer is not released from the obligation to conduct
careful inspection and testing of incoming goods. Performance of the product described herein should be verified by testing, which should be
carried out only by qualified experts in the sole responsibility of a customer. Reference to trade names used by other companies is neither a
recommendation, nor does it imply that similar products could not be used.

The Business Unit Performance Polymers of Evonik is a worldwide manufacturer of PMMA molding compounds sold under the PLEXIGLAS®
trademark on the European, Asian, African and Australian Continent and under the trademark ACRYLITE® in the Americas.

® = registered trademark

PLEXIGLAS and PLEXIMID are registered trademarks of Evonik Rohm GmbH, Darmstadt, Germany

Evonik Rohm CmbH Kirschenallee 64293 Darmstadt
Telefon +49 6151 18-4711 Telefax +49 6151 18-3177
www.plexiglas-polymers.com

Ref. No.: MC139-E v0160 Date: 2011-04-04

Evonik. Power to create. @ EVU”'H

INBUETHIRE
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APPENDIX B

ZEMAX OPTICAL DESIGN SOFTWARE

This is a short introduction of ZEMAX-12 software which is used for optical
simulations throughout this thesis. The text given here is a summary of ZEMAX-12
user manual.[51]

What does Zemax do?

Zemax is a software which can model, analyze, and assist in the design of optical
systems. ZEMAX has capability to sequential and non-sequential ray tracing and
predicts the behavior of optical systems.

The interface to Zemax has been designed to be easy to use, and with a little
practice it can allow very rapid interactive design. Most Zemax features are
accessed by selecting options from either dialog boxes or pull-down menus.

Sequential ray tracing

Sequential ray tracing means rays are traced from surface to surface in a
predefined sequence. Zemax numbers surfaces sequentially, starting with zero for
the object surface. The first surface after the object surface is 1, then 2, then 3, and
so on, until the image surface is reached. Tracing rays sequentially means a ray will
start at surface O, then be traced to surface 1, then to surface 2, etc. No ray will
trace from surface 5 to 3; even if the physical locations of these surfaces would
make this the correct path. Each ray "hits" each surface once and only once in this
predetermined sequence. The sequential model is simple, numerically fast, and
extremely useful and complete for many important cases.

Non-sequential ray tracing

There are times when a non-sequential trace is required. Non-sequential means the
rays trace in the actual physical order they hit various objects or surfaces, and not
necessarily in the order the objects are listed in the software user interface. Note
rays in a non-sequential trace may hit the same object repeatedly, and entirely
miss other objects. Generally, the order in which objects are hit by rays depends
upon the object geometry and the angle and position of the input ray. Objects
which require or at least benefit from non-sequential ray tracing include prisms,
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light pipes, lens arrays, reflectors, and Fresnel lenses. Certain types of analysis,
such as stray or scattered light effects, are only practical in a completely non-
sequential environment. Traditionally, lens design programs that supported
surfaces (rather than 3D objects) for sequential ray tracing would implement non-
sequential ray tracing using the same surface model; the rays would simply
intersect surfaces in a possibly out of sequence order. The disadvantage of using
surfaces in a more general non-sequential approach is that surfaces do not
adequately describe most optical components. For example, lenses not only have a
front and back surface, they also have edges and perhaps flattened outer faces for
mounting. Light may intercept, and then refract or reflect from these additional
surfaces normally ignored by sequential surface ray tracing codes. Complex prisms,
such as a dove or roof prism, contain many faces, and the rays may intersect these
faces in a complex order depending upon the input angle and position of the ray. To
support these types of components in a very general and accurate way requires the
use of full 3D solid object models instead of just 2D surfaces. Zemax calls this type
of ray tracing non-sequential components, or NSC, which is different from non-
sequential surfaces or NSS. NSC ray tracing in Zemax supports all of the following
features:

— Definition and placement of multiple sources, objects and detectors.

— Real radiometric and photometric units; including watts, lumens, lux, phot, footcandles, and
others.

— Automatic determination of ray-object intersection order.

— Automatic detection of reflection, refraction, and total internal reflection (TIR).
— Support for a very wide range of 3D objects, including diffractive optics.

— Polarization ray tracing and arbitrary thin film coatings.

—  Statistical models for scattering, including Lambertian, Gaussian, and ABg.

— Automatic ray splitting for efficient analysis.

Lens Data Editor

The Lens Data Editor is the primary spreadsheet where the majority of the lens
data will be entered. This data includes the radius of curvature, thickness, and
glass for each surface in the system. Single lenses are defined by two surfaces (a
front and a back), and the object and image also each require one surface. This
fundamental data can be entered directly on the spreadsheet. When the Lens Data
Editor is displayed, data can be entered on the spreadsheet by typing in the
required values at the highlighted bar.

Ray tracing

Generally, when a ray strikes a surface, part of the energy will be reflected, part will
be transmitted, and depending upon the surface properties, part may be absorbed.
Because accurate reflection and transmission computation requires polarization
information, ray splitting is only allowed when performing polarization ray tracing.
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Once a ray splits, each of the "child" rays will in general strike another object, and
the rays may split again and again. After many ray-object intersections, the total
number of rays can become extremely large, so controls must be placed on the ray
tracing to ensure that the computation will eventually end.

Optimization

The Local Optimization (or simply, "Optimization") feature provided by Zemax is
quite powerful, and is capable of improving lens designs given a reasonable starting
point and a set of variable parameters. Variables can be curvatures, thicknesses,
glasses, conics, parameter data, extra data, and any of the numeric multi-
configuration data. Zemax uses either an actively damped least squares or an
orthogonal descent algorithm. The algorithms are capable of optimizing a merit
function composed of weighted target values; these target values are called
"operands". Zemax has several different default merit functions and these merit
functions can be changed easily using the Merit Function Editor.

Optimization requires three steps:

1) A reasonable system which can be traced,
2) Specification of the variables,

3) A merit function.

A reasonable system is a rather loose concept which means that poorly conceived
designs are not likely to be transformed into exceptional designs by the
optimization algorithm. You must specify all variables before using optimization
algorithms.
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A WAVEGUIDE FOR CONCENTRATED SOLAR COLLECTORS AND A SOLAR
COLLECTOR THEREOF

Field of the Invention

The present invention relates to a waveguide for solar energy collectors and a solar
energy collector employing such a waveguide to be used for concentrated solar power
generation.

Background of the Invention

Due to the scarce of energy resources and threat of climate change resulting from
extensive use of carbon containing fuels, clean power generation means are being
developed. Photovoltaic cells are among such means. Conventional photovoltaic power
generators comprise a planar array of photovoltaic cells. Unfortunately, widespread use of
conventional photovoltaic generators is hindered by their high production costs. Thus
concentrated photovoltaic power generators, employing a reduced area of photovoltaic cells,
are used. Incident solar radiation is concentrated through a solar collector comprising various
concentration means and is directed to photovoltaic cells of an area smaller than the surface
area of the concentrated sclar power generator.

The document numbered US2011011441A1 discloses a concentrated solar power
generator, which is seen to employ an array of lenses used to concentrate solar radiation.
The concentrated solar radiation is then transferred to a photovoltaic surface by optical
fibers, with each fiber connected to one lens of the array at one end and every fiber
connected a distinct area of the photovoltaic cells on the other end. The invention disclosed
in this document aims to construct a flexible solar collector. Since it does not have a rigid
structure, such a collector is inefficient in terms of acceptance angles, thus making less use
of the incident light.

Classical concentrating photovoltaic systems are using only big Fresnel lens arrays
and other large lenses as an optical concentrator. Although using large lenses provide a high
concentration, such lenses also have long focal lengths thus increasing collector thickness. If,
instead, an array of a large number of small lenses is employed, then the complexity is
increased. Further, systems incorporating only an array of lenses do not enable an efficient
use of the photovoltaic cells; a lens generally produces a circular image of the sun on a
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photovoltaic cell which is generally rectangular. Non-imaging means are employed to
effectively distribute light over the photovoltaic cells. In order to overcome such issues,
collectors incorporating waveguides that collect, direct and concentrate the light from
concentrating elements to photovoltaic cells have been proposed. Among these are,
waveguides containing directing surfaces to direct the solar radiation emerging from an array
of concentrators into the waveguide.

Generally, such waveguides have a stepped structure so that light acquired by one
directing surface is not hindered by another while inside the waveguide. With respect to the
direction of incoming light, the steps are constituted on top of each other thus increasing the
overall thickness. Such waveguides can incorporate line focus optics, providing a low
concentration. The concentration can further be increased by rotating a section of the
waveguide structure around a line onto which the concentrated output of the waveguide will
fall. This configuration is not very efficient considering its heat dissipation, weight of the
material and ease of manufacture.

One such waveguide is described in the document numbered US7664350B2. The
waveguide mentioned in this document contains directing surfaces each corresponding to a
concentrator to direct the concentrated light into the waveguide. In order to avoid a
directing surface from interrupting the light directed by another directing surface, the
directing surfaces are to be placed in virtual slabs on top of each other with respect to the
direction of light emerging from the concentrators. Due to this configuration and further to
the planar distribution of the concentrators, the waveguide is a stepped structure with said
steps consecutively arranged along the direction of light emerging from the concentrators,
wherein each step acts as a directing surface corresponding to a concentrator. Such a
configuration results in a waveguide with high thickness and weight.

Another solution is described in the document numbered W02010056405A1. The
collector described in this document employs a transmissive medium layer between the light
collecting element and the waveguide. Many of similar series of layers can be sandwiched
with different transmissive medium layers in between and it is revealed that the output of
such series of layers can be combined using a secondary light concentrator. Such a solar
collector has components with high thickness and weight values and is cumbersome for
tracking applications.

In the two documents above, the incoming light is focused on a line or a curve by the
primary concentrators providing a concentration only along a single dimension, i.e. a two
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dimensional light distribution is reduced to a one dimensional light distribution. Thus the
collectors described above provide low concentrations.

Waveguides with high thickness and weight require the solar collector to have
stronger frame members thus increasing costs. Also, for active solar power generator
systems, tracking means are harder to operate. Moreover, such waveguides themselves are

also produced for higher costs.

Objects and Brief Description of the Invention

The object of the present invention is to provide a waveguide that has a low
thickness and weight compared to the solar collector it is associated with.

It is a further object of the invention to provide waveguide that provides an effective
distribution of light over the photovoltaic cells.

A further object of the invention is to provide a waveguide providing further
concentration of the light while moving through the waveguide.

Anocther object of the invention is to provide a solar collector having an increased
acceptance angle.

Another object of the present invention is to provide a waveguide for a solar collector
enabling dissipation of the heat generated due to the concentrated solar radiation.

It is also an object of the invention to provide a solar collector employing a
waveguide according to the objects aforementioned.

In order to achieve the objects of this invention, a waveguide having an end surface
(3) onto which the guided radiation is to be directed, and an array of directing surfaces on
the borders of said waveguide is developed, such that the waveguide and the array of
directing surfaces lie on a plane.

Moreover, a solar collector having an array of concentrator cells and a waveguide
lying in a plane is also developed.

In an embodiment of the invention, in order to provide a waveguide providing further
concentration of the light while moving through the waveguide, extra concentration surfaces

are employed.
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In another embodiment of the invention, a solar collector having an increased

acceptance angle is provided by employing enlarged directing surfaces while the
concentrator cell sizes are kept constant.

Description of the Drawings

The figures attached, depicting some aspects of the present invention, are as listed.

Figure 1 is a schematic side view of a solar collector according to the invention, partially
depicting exemplary light paths.

Figure 2 is a top view of the waveguide of figure 1, partially depicting exemplary light
paths.

Figure 3 depicts a waveguide according to invention.

Figures 4 to 10 depict various concentration cells that can be used with the present
invention together with a waveguide according to the invention, partially depicting
exemplary light paths.

Figures 11 and 12 depict possible concentrator cell arrays according to the present
invention.

Figures 13 and 14 depict possible directing surfaces which act through reflection.
Figures 15 to 20 depict waveguides having extra concentration surfaces.

Figures 21 and 22 depict possible waveguides comprising more than one stepped
structure.

Figures 23 to 27 depict solar collector configurations according to the present invention.

Figures 28 and 29 are side and top views respectively of a possible configuration of two
waveguides.

The references seen in the figures listed above correspond to the following.

1. Concentrator cell
2. Waveguide
3. End surface

4. Directing surface
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5. Extra concentration surface
5a. Side cut
6a. Reflecting coating

6b. Reflecting piece

Detailed Description of the Invention

The solar collector according to the present invention, essentially comprises,

a concentrator consisting of an array of concentrator cells (1), for concentrating
the incident solar radiation;

- at least one waveguide (2), having at least one end surface (3), which is the
output surface of the waveguide (2) and onto which light to electricity converters
such as photovoltaic cells are to be attached;

- an array of directing surfaces (4) on the borders of said waveguide (2), such that
each directing surface (4) corresponds to a concentrator cell (1) and directs the
incident light i.e., the concentrated solar radiation, into the waveguide (2) with
an angle providing total internal reflection (TIR);

- optionally, at least one extra concentration means at the end regions of the
waveguide (2), to further concentrate the solar radiation

wherein, the waveguide (2) and the array of directing surfaces (4) lie on a plane nonparallel
to the direction of incident light. The thickness of the waveguide (2) is constant along its
length thus minimizing the weight and cost of the waveguide (2), excluding the extra
concentration means at the end region. The waveguide (2) according to this invention is
generally a rigid component. Figure 1 schematically depicts such a solar collector and figures
2 and 3 are top and perspective views of the waveguide (2) used in figure 1. Since the
directing surfaces (4) are on borders of the waveguide (2), the optical paths emerging from
a directing surface (4) are not interrupted by another directing surface (4).

Solar radiation incident to the solar collector is first concentrated through the array of
concentrator cells (1), then to be directed into the waveguide (2) by the directing surfaces
(4). Solar radiation is then transmitted to the photovoltaic cells attached onto the end
surface (3) by TIR through the waveguide (2). For TIR to take place, the waveguide (2) has
a refractive index greater than that of its surroundings.
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The directing surfaces (4) can be planar or curved. The planar directing surfaces (4)
or the planes tangential to the curved directing surfaces (4) are inclined with respect to the
plane of the waveguide (2) such that there is an angle ©, between the plane of the
waveguide (2) and the directing surfaces (4) or said tangential planes, facing the surface of
the waveguide (2) nearest the concentrator cells (1). In an embodiment of the invention, the
angle O is obtuse and the directing surfaces (3) reflect the incoming radiation into the
waveguide (2). Preferably, the angle © is 135°. In another embodiment, the angle © is acute
and the directing surface refracts the incoming radiation into the waveguide (2).

The waveguide (2) according to the invention is a non-imaging component due to its
structure. Therefore the output of the waveguide (2) is mostly homogeneous in illumination
and wavelength distribution, increasing the efficiency of the light to electricity converters.
Further, the output surface of the waveguide (2) is the end surface (3) being in a shape and
size to match the light to electricity converters to be attached. A preferred end surface (3)
shape is rectangular since photovoltaic cells are generally cut in rectangles from a wafer.

The array of concentrator cells (1) is arranged such that the focal point of each
concentrator cell (1) lies on the vertices of a virtual grid, said grid being a parallelogramic
grid lying on a plane. Thus the array of directing surfaces (4) is arranged such that the
centroid of each directing surface (4) substantially coincides with the vertices of said grid.
Since light is focused on an array of points, such an array of concentrator cells (1) provides a
higher concentration than other concentrators that focus light on a line or a curve, i.e. a two
dimensional light distribution is reduced substantially to a point. Further, such a high initial
concentration allows flexibility in waveguide (2) design, enabling directing surfaces (4) that
provide a higher tracking tolerance.

Generally, a single waveguide (2) comprises an array of directing surfaces (4) along a
single line of the virtual grid, thus forming a stepped structure. Such a structure allows many
waveguides (2) to be arranged in a regular pattern. A possible waveguide (2) according to
the invention comprises an array of directing surfaces (4) arranged in groups having more
than one stepped structure along more than one line of the virtual grid. Possible examples of
such a waveguide are depicted in figures 21 and 22.

Concentrator cells (1) can be chosen among different optical units according to
particular designs. Possible such units include various simple or compound lenses, Fresnel
lenses, parabolic mirrors, compound parabolic concentrators, diffractive concentrators,
Cassegrain devices, crossed cylinders etc. Some concentrator cells (1) are seen in figures 4
to 10.
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For concentrator cells (1) of lens type, an array of lenses can either be kept above
the waveguides (2) by some frame or the lens may extend along the optical path to the
waveguide (2) thus being carried by said waveguide (2). Such an extended lens type
concentrator cell is depicted in figure 9. When said extended lens type concentrator cells (1)
are employed, in order to guarantee TIR inside the waveguide (2), either the lens material
has a refractive index lower than that of the waveguide (2) or a layer of low refractive index
than that of the waveguide (2) is applied between the collector cells (1) and the waveguides
(2). The regions between the outer lens surfaces and the waveguide (2) not containing the
optical paths do not contribute to solar power generation and thus can be left empty to
reduce the weight of the solar collector as can be seen in figure 10. Moreover, this
configuration provides collection of some of the diffuse radiation and increase tracking
tolerances. The array of concentration cells (1) can be of various polygonal patterns such as
rectangular, squared, hexagonal etc. with a squared and a hexagonal example depicted in
figures 11 and 12. Various other examples can be seen in figures 23 to 27. The concentrator
cells (1) in figure 27 form a squared pattern in which the projection of the focal points onto
the surface does not coincide with the centroids.

If a directing surface (4) acting through reflection is coated from outside with a
reflecting coating (6a) as depicted in figure 13, than the angle © of the directing surface (4)
can be freely adjusted while providing the conditions of TIR inside the waveguide (2). For
incident light perpendicular to the plane of the waveguide (2) and circularly symmetric
concentrator cells (2), the highest concentration provided by the waveguide (2) is obtained
when the angle © is chosen to be 135°. On the other hand, when the angle @ is chosen to
be larger than 135° higher acceptance angles can be achieved. However, TIR from the
directing surface (4) for most incoming light is obtained when the angle © is chosen to be
smaller than 135°, for example 125° for a waveguide of a material with a refractive index of
1,5. With a reflecting coating (6a) on the directing surface (4), reflection from the directing
surface (4) occurs at wide range of angles, thus allowing an optimization of concentration
and acceptance angle according to a particular application. Alternatively, a highly reflective
reflecting piece (6b) can be attached on the outside of each of said directing surfaces (4)
preferably with an air gap in between as seen in figure 14. The air gap will provide the
opportunity of TIR at the directing surface (3) for some of the light rays while the rays that
cannot satisfy the TIR condition at the directing surface will be reflected from the reflective
piece (6b) attached.
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In an embodiment of the invention, in order to obtain further concentration of solar
radiation in the waveguide, the waveguides (2) further comprise at least one extra
concentration surface (5). An extra concentration surface (5) is formed on portions of a
waveguide (2) ending at the end surface (3). Said portion of the waveguide (2) is in the
shape of a known non-imaging optical concentrator with an input aperture width and height
equal to the maximum width and thickness of the waveguide (2) and the output aperture is
the end surface (3) having a width and/or thickness smaller than said input aperture. Figure
15 is a side view of a possible waveguide having an extra concentration surface (5). One
possible way to obtain such an extra concentration surface (5) is to produce a waveguide (2)
in a shape with some portions from at least one edge removed, leaving behind said extra
concentration surface (5). A specific example of such an extra concentration surface (5) is a
side cut (5a) formed by extracting a region on a side. Other possible waveguides (2) having
extra concentration surfaces (5) are depicted in figures 16 to 21; these figures depict top
views of waveguides (2). Among these possible waveguides (2), the one depicted in figure
16, 17 and 18 comprise a side cut (5a) formed by extracting a region on a side such that
said surface (5) is formed of a curve, a straight line and two curves respectively. Generally,
said surface (5a) may be formed of at least one region comprising at least one curve or
straight line or a combination of several curves and lines. In figures 19 and 20, the regions
of the waveguide (2) near the end surface (3) comprise two extra concentration surfaces (5)
with one on each side. Figure 21 depicts a waveguide (2) comprising more than one stepped
structure having side cuts (5a) on each stepped structure.

Figure 23 is a top view of a portion of a solar collector according to the invention with
an array of square lens concentrators (1) arranged on a planar square grid. Another solar
collector according to the invention is with an array of hexagonal lens concentrators (1) is
seen from the top in figure 24.

In another embodiment of the invention, at least two waveguides (2) are placed on
top of each other with the directing surfaces (4) not blocking the light directed to each other
from the concentrator cells (1). The array of concentrator cells (1) to be employed with this
embodiment can be composed of groups of concentrator cells (1) each equidistant from the
corresponding directing surfaces (4) and thus the corresponding waveguides (2) or of groups
of concentrator cells (1) each with different focal lengths according to the corresponding
directing surfaces (4) and thus the corresponding waveguides (2).

Since the waveguide (2) developed with the present invention has a planar structure,
all regions of the waveguide (2) are in the proximity of a heat conducting planar sheet
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placed below the waveguide (2) and thus the waveguide (2) provides a very low thermal
resistance easily dissipating the heat released during operation. The cooling of the
waveguide can be performed either by passive or active cooling systems. In systems
employing water or oil as a heat carrying medium, the excess heat can be transferred to be
used in another application.

The waveguide (2) according to the invention can be produced by molding, cutting or
other means leaving a smooth surface and from optically transparent materials. Preferably,
materials are chosen to produce a rigid waveguide (2).

Various embodiments and applications employing the principles of the present
invention can be implemented. Therefore the scope of the invention is not limited to the
examples above but determined by the following claims.



i0

15

20

25

30

WO 2012/169980 PCT/TR2011/000156

CLAIMS

A solar collector comprising

- a concentrator consisting of an array of concentrator cells (1), for concentrating
the incident solar radiation;

- at least one waveguide (2) having at least one end surface (3) , which is the
output surface of the waveguide (2) and onto which light to electricity converters
are to be attached;

- an array of directing surfaces (4) on the borders of said waveguide (2), such that
each directing surface (4) corresponds to a concentrator cell (1) and directs the
incident light i.e., the concentrated solar radiation into the waveguide (2) with an
angle providing total internal reflection;

- optionally, at least one extra concentration means at the end regions of the
waveguide (2), to further concentrate the solar radiation

characterized in that; the waveguide (2) and the array of directing surfaces (4) lie on
a plane nonparallel to the direction of incident light and the thickness of the
waveguide (2) is constant along its length excluding the extra concentration means at
the end region.

A solar collector according to claim 1, characterized in that; the array of concentrator
cells (1) is arranged such that the focal point of each concentrator cell (1) lies on the
vertices of a virtual grid, said grid being a parallelogramic grid lying on a plane and
the array of directing surfaces (4) is arranged such that the centroid of each directing
surface (4) substantially coincides with the vertices of said virtual grid.

A solar collector according to claim 1 or 2, wherein; the end surfaces (3) are in a
shape and size to match the light to electricity converters to be attached.

A solar collector according to any of the preceding claims, wherein; the concentrator
cells (1) are simple lenses, compound lenses, Fresnel lenses, parabolic mirrors,
compound parabolic concentrators, diffractive concentrators, Cassegrain devices or
crossed cylinders.

A solar collector according to any of the preceding claims, wherein; the directing
surfaces (4) are planar.

10
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10.

11.

12.

13.

14.

15.

16.

17.

A solar collector according to claim 5, wherein; the angle between the plane of the
waveguide (2) and the directing surfaces (4), facing the surface of the waveguide (2)
nearest the concentrator cells (1) is acute.

A solar collector according to claim 5, wherein; the angle between the plane of the
waveguide (2) and the directing surfaces (4), facing the surface of the waveguide (2)
nearest the concentrator cells (1) is obtuse.

A solar collector according to any of claims 1 to 4, wherein; the directing surfaces (4)
are curved.

A solar collector according to claim 8, wherein; the angle between the plane of the
waveguide (2) and the planes tangential to the curved directing surfaces (4), facing
the surface of the waveguide (2) nearest the concentrator cells (1) is acute.

A solar collector according to claim 8, wherein; the angle between the plane of the
waveguide (2) and the planes tangential to the curved directing surfaces (4), facing
the surface of the waveguide (2) nearest the concentrator cells (1) is obtuse.

A solar collector according to claim 7 or 10, wherein; the directing surfaces (4) are
coated with a reflecting coating (6a).

A solar collector according to claim 7 or 10, wherein; a reflecting piece (6b) is
attached on the outside of each directing surface (4).

A solar collector according to claim 12, wherein; there is an air gap between each
highly reflective piece (6b) and the relevant directing surface (4).

A solar collector according to any of the preceding claims, wherein; the waveguides
(2) further comprise at least one extra concentration surface (5).

A solar collector according to claim 14, wherein; an extra concentration surface (5) is
formed on portions of a waveguide (2) ending at the end surface (3) and is in the
shape of a non-imaging optical concentrator.

A solar collector according to claim 15, wherein; the waveguides (2) are produced in
a shape with portions from at least one edge removed, leaving behind said extra
concentration surface (5).

A solar collector according to claim 16, wherein; said extra concentration surface (5)
is a side cut (5a) formed by extracting a region on a side, comprising at least one
curve or straight line or a combination of both.

11
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18.

19.

20.

21.

22.

A waveguide (2) comprising,
- at least one end surface (3), and

- an array of directing surfaces (4) on the borders of said waveguide (2) directing
the incident light into the waveguide (2) with an angle providing total internal
reflection,

- optionally, at least one extra concentration means at the end regions of the
waveguide (2), to further concentrate the solar radiation

characterized in that; the waveguide (2) and the array of directing surfaces (4) lie on
a plane nonparallel to the direction of incident light and the thickness of the
waveguide (2) is constant along its length excluding the extra concentration means at
the end region.

A waveguide to claim 18, wherein; the waveguides (2) further comprise at least one
extra concentration surface (5).

A waveguide to claim 19, wherein; an extra concentration surface (5) is formed on
portions of a waveguide (2) ending at the end surface (3) and is in the shape of a
non-imaging optical concentrator.

A waveguide according to claim 20, produced in a shape with portions from at least
one edge removed, leaving behind said extra concentration surface (5).

A waveguide according to claim 20, wherein; said extra concentration surface (5) is a
side cut (5a) formed by extracting a region on a side, comprising at least one curve
or straight line or a combination of both.

12
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